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Abstract 
 
  The research described in this thesis concerns the synthesis of transition metal coordination 
complexes and their activity in the controlled radical polymerisation (CRP) of styrene, 
methyl methacrylate and vinyl acetate. 
  In the first, introductory chapter, the literature pertaining to the main reported CRP systems 
is reviewed. 
  The second chapter focuses on a family of novel α-diimine Fe(II) complexes bearing a 
conjugated acenaphthene backbone. The ligand-dependent catalytic behaviour in the atom 
transfer radical polymerisation (ATRP) of styrene is discussed, and the reaction conditions 
are varied to shed light on the system features. 
  In the Chapter 3 the synthesis, characterisation and screening for reverse ATRP of the 
Fe(III) trichloride derivatives, as well as of two monodentate imino Fe(III) trichloride 
complexes, are described. A relationship between measured spin state and catalytic behaviour 
is highlighted. 
  The fourth chapter reports the synthesis of bis-salicylaldimino Cr(II) complexes and their 
activity in the controlled radical polymerisation of styrene and vinyl acetate. The observed 
rearrangement of the latter monomer in the presence of chromium complexes is also 
examined. 
  The fifth and final experimental chapter extends the studies carried out on bis-
salicylaldimino Cr(II) complexes to other transition metals, namely iron and cobalt.  
  Chapter 6 gives the experimental details for Chapters 2-4. 
  Crystallographic data for all X-ray diffraction structures presented in this thesis are collated 
in Chapter 7. 
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Abbreviations 
 
δ    chemical shift 
μeff    effective magnetic moment 
An    acenaphthene group 
Ar    generic aryl group 
BM    Bohr magneton 
cm
-1
    wave number 
CI+ (MS)   positive ion chemical ionisation (mass spectrometry) 
Da    Dalton 
DCM    dichloromethane 
DiPP    2,6-diisopropylphenyl 
DT    degenerative transfer 
EBrB    ethyl α-bromobutyrate 
eq.    equivalents 
EtOH    ethanol 
f    initiator efficiency 
FAB+ (MS)   positive ion fast atom bombardment (mass spectrometry) 
g    grams 
GPC    gel permeation chromatography 
h    hours 
Hz    Hertz 
IR    infra-red spectroscopy 
kobs    observed rate constant of polymerisation 
LSI (MS)   liquid secondary ion (mass spectrometry) 
7 
 
MeOH   methanol 
Mn    number-averaged molecular weight 
Mn,th    theoretical number-averaged molecular weight 
Mw    weight-averaged molecular weight 
MMA     methyl methacrylate 
NMP    nitroxide mediated polymerisation 
NMR    nuclear magnetic resonance 
OMRP   organometallic mediated radical polymerisation 
PDI    polydispersity index 
1-PECl   1-phenylethyl chloride 
PMMA   poly(methyl methacrylate) 
ppm    parts per million 
i
Pr    iso-propyl group 
PRE    persistent radical effect 
PVOAc   poly(vinyl acetate) 
RP    radical polymerisation 
Rp    polymerisation rate 
THF    tetrahydrofuran 
TosCl    p-toluenesulfonyl chloride 
VOAc    vinyl acetate 
 
All other abbreviations are defined in the text as they occur. 
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1.1  Free radical polymerisation 
  Radical polymerisation (RP) is a chain process that comprises four elementary reactions: i) 
initiation, ii) propagation, iii) transfer and iv) termination (Scheme 1.1).
[1-3]
 
 
 
Scheme 1.1  Elementary reactions in radical polymerisation. M = monomer, I = initiator, P = polymer chain; ki, 
kp, ktr, ktc, ktd = rate constants for, respectively, initiation, propagation, transfer and termination by coupling and 
disproportionation. 
 
  The propagating species (M
.
) are organic free radicals, typically sp
2
-hybridised, which 
undergo head-to-tail addition to the least subsitituted carbon atom in the monomer. Common 
monomers are styrenes, (meth)acrylates, acrylonitrile, (meth)acrylamides, vinyl acetate and 
vinyl chloride.
[1]
 In order to grow high molecular weight chains, once a steady-state of 
propagating radicals is established, termination must occur at a significantly slower rate than 
propagation. Free radical polymerisation termination reactions are essentially diffusion-
controlled and second order with respect to the radical concentration, whereas propagation is 
first order. Consequently, at very small radical concentrations (ppm) the rate of termination is 
much lower than the rate of propagation. It is also desirable for the rate of initiation to be 
comparable to the rate of termination, and this is commonly achieved by using radical 
 16 
initiators with a sufficiently long half life. The overall kinetics for RP can be described by 
Equation 1.1:
[2]
 
Rp = kp[M](fki[I]0/kt)
1/2
  with kt = ktc + ktd               (1.1) 
where Rp is the rate of polymerisation, f is the initiation efficiency and kp, ki and kt are the 
rate constants for propagation, initiation and termination, respectively.  
  As the activation energy for termination is much lower than the activation energy for 
transfer, the latter process only plays a significant role at high temperatures. When its 
contribution can be neglected, the average degree of polymerisation (DPn) can be calculated 
using Equation 1.2:
[2]
 
DPn = kp[M](fki[I]0kt)
-1/2
                      (1.2) 
  RP is used for the preparation of commercially important materials such as low density 
polyethylene, poly(vinyl chloride), poly(vinyl acetate), polystyrene and its copolymers, 
polyacrylates and polyacrylamides, accounting for about 50% of the entire industrial polymer 
production. However, as the short life of the propagating chains (~1 s) does not permit any 
synthetic manipulation, polymers with controlled architectures cannot be prepared by 
conventional radical polymerisation, and access to markets for higher value, functionally 
important plastics is restricted. 
 
1.2  Controlled radical polymerisation 
1.2.1  General features 
  Nowadays polymeric materials, as well as their blends with substances such as clays and 
ceramics, find wide application in virtually all domains of life. Because their physical 
properties are dictated by the chemical microstructure, the development of synthetic 
procedures to allow control over composition, topology and functionality is of considerable 
interest. Controlled radical polymerisation (CRP) is one such technique, allowing for the 
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synthesis of polymers with predetermined molecular weights, low polydispersity indices and 
well-defined terminal functionalities.  
  On account of its wide-spread use in the literature, the term controlled is used in this thesis. 
As correctly remarked by Howell, however, it would be more appropriate to refer to these 
processes as mediated radical polymerisation.
[4]
 In fact, owing to the intrinsically high 
reactivity of most radical species, even the most efficient systems do not meet all the 
stringent criteria for living polymerisation and the reactions are never fully controlled; 
definitions such as controlled and living are thus potentially misleading in this context. 
IUPAC also recommend avoiding the use of these adjectives and advise to specify the form 
of control involved in the system under consideration. 
  The concept of ‘living radical polymerisation’ was originally introduced by Otsu in the early 
1980s to describe the polymerisation of vinyl monomers photoinitiated by disulfides such as 
benzyl N,N-dithiocarbamate.
[5, 6]
 The term iniferter was adopted to describe such compounds 
that could initiate, transfer, and terminate a radical polymerisation, by analogy to the ‘inifers’ 
used by Kennedy in cationic polymerisation.
[7]
 
  It is widely accepted that a CRP system should display the following four features: i) first-
order kinetics, ii) a predeterminable number-average molecular weight, iii) a low 
polydispersity index and iv) active-centre retention at full monomer consumption.
[8]
 Each of 
these characteristics is described in more detail below. 
  i) Because of the extremely high reactivity of free radicals, CRP can only be achieved by 
keeping the concentration of propagating chains low, thus minimising bimolecular 
termination reactions. In conjunction with fast initiation, this allows nearly simultaneous 
growth of all chains (the lifetime of which may be extended to over 1 hour) and results in 
pseudo-living behaviour. The radical concentration can be drastically reduced by establishing 
a reversible equilibrium between propagating and dormant chains.  
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  As a result of the virtual lack of termination, the polymerisation rate Rp should be a linear 
function of time with respect to the monomer concentration, [M] (Eq. 1.3): 
Rp = -d[M]/dt = kp[P
.
][M]                       (1.3) 
where kp is the propagation constant. The semilogarithmic representation results in Equation 
1.4: 
ln([M]0/[M]) = kp[P
.
]t = kobst                                (1.4) 
where kp
app
 is the apparent propagation rate constant. Even minimal variation in concentration 
of the propagating species will affect the linearity of the semilogarithmic plot: while a 
downward curvature indicates some degree of termination, an upward deflection (suggesting 
an increase in [P
.
]) is commonly the result of slow initiation (kp>>ki). 
  ii) Assuming initiation is fast and all chains start growing simultaneously, the number 
average molecular weight Mn should increase linearly with monomer conversion (Equation 
1.5): 
DP = Mn/M0 = ([M]/[I]0) × conversion                                  (1.5) 
where DP is the degree of polymerisation. Deviations from linearity as conversions increase 
can indicate either coupling (upward bend, i.e. higher Mn than anticipated) or transfer 
(downward bend, i.e. lower Mn than anticipated) side reactions. Conversely, a steeper 
increase in Mn at low conversions is often a symptom of slow initiation. 
  iii) A narrow molecular weight distribution can be obtained only if the following 
prerequisites are met:
[9, 10]
 a) in order to achieve simultaneous propagation of all polymer 
chains, the rate of initiation should be comparable or greater than the propagation rate; b) 
chain transfer, termination and depropagation should be negligible; c) in order to ensure all 
termini are equally susceptible to reacting with the monomer, the exchange between species 
of different reactivity should be faster than propagation; and d) the reaction mixture should be 
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homogeneous. A system that fulfils these conditions is expected to yield a polymer with a 
polydispersity value of less than 1.1 when DP > 10. 
  iv) Assuming transfer and termination processes are negligible, all chains should retain their 
active centre at the end of the polymerisation. Propagation can be resumed by further addition 
of monomer, thus allowing for the preparation of block copolymers. 
 
  All CRP systems operate according to either of two fundamental approaches: reversible 
trapping (Scheme 1.2) or reversible transfer (Scheme 1.3). 
 
 
Scheme 1.2  Reversible trapping equilibrium. Pn = polymer chain,  m = monomer, X = trapping species; kp, kt, 
kact, kdeact = rate constants for, respectively, propagation, termination, activation and deactivation. 
 
  In reversible trapping (or reversible termination), the active species (Pn
.
) are reversibly 
capped by X, which is typically a stable free radical, a halogen atom or a transition metal 
complex. Reversible trapping relies on the self-regulating action of the persistent radical 
effect (PRE):
[11-14]
 while propagating radicals can react with the monomer m (kp), terminate 
(kt) or react with the trapping agent X (kdeact), the latter can only couple reversibly with the 
growing chains. Consequently, every termination event leads to a build-up of X, the 
concentration of which increases until an activation-deactivation equilibrium is established. 
The amount of dead chains arising from the self-coupling of Pn
.
 which are formed during this 
initial step is usually < 10%. Systems based on reversible trapping include nitroxide mediated 
polymerisation (NMP), atom transfer radical polymerisation (ATRP) and organometallic 
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mediated radical polymerisation (OMRP). These techniques will be individually discussed in 
the following sections. 
 
 
Scheme 1.3  Reversible transfer equilibrium. Pm, Pn = polymer chain,  m = monomer, X = transfer agent; kp, kt, 
kex = rate constants for, respectively, propagation, termination and exchange. 
 
  In reversible transfer (or reversible exchange), on the other hand, active and latent chains are 
rapidly exchanged in the dormant complex (P-X) by means of a transfer agent. Reversible 
transfer is not based on the PRE, but follows the same kinetics as conventional RP, with slow 
initiation and fast termination. For this reason, the concentration of chain transfer agent (X) 
must be much larger than that of the radical initiator. In this case, X can be an atom (as in 
iodine transfer polymerisation, ITP) or a group (e.g. a metal alkyl in tellurium mediated 
polymerisation, TMP, or a dithioester in reversible addition-fragmentation transfer, RAFT). 
As the transfer of the exchange agent between dormant and propagating polymer chains 
should involve neither a loss nor a gain in free energy, reversible exchange is also known as 
degenerative transfer (DT, or degenerative exchange). This type of CRP process is discussed 
in more detail in Section 1.2.4. 
 
1.2.2  Stable free radical polymerisation 
1.2.2.1  Nitroxide mediated polymerisation 
  Stable free radical polymerisation (SFRP) is based on the reversible trapping of the growing 
polymer chains by a persistent radical. The first example of SFRP dates back to 1993, when 
Georges and co-workers reported that addition of the persistent radical 2,2,6,6-tetramethyl-1-
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piperidynyl-N-oxy (TEMPO) to the polymerisation of styrene initiated by benzoyl peroxide 
gave molecular weights that increased linearly with conversion and polydispersities of less 
than 1.3.
[15]
 More specifically, this type of system is referred to as nitroxide mediated 
polymerisation (NMP), and involves the formation of a reversible equilibrium between a 
dormant alkoxyamine and the propagating polymer chains (Scheme 1.4). TEMPO, however, 
fails to mediate the polymerisation of monomers such as acrylates because of the exceedingly 
small equilibrium constant (Keq = kact/kdeact).
[16]
  
 
 
Scheme 1.4  Activation-deactivation equilibrium in NMP. Pn = polymer chain, m = monomer; kp, kt, kact, kdeact = 
rate constants for, respectively, propagation, termination, activation and deactivation. 
 
  In later reports, other nitroxides (such as DEPN or TIPNO, Figure 1.1) and bulkier TEMPO 
derivatives that form more labile C-O bonds were successfully employed in the NMP of a 
wider range of monomers.
[17-21]
 
 
 
Figure 1.1  Nitroxides commonly employed in NMP. 
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  Organic mediators other than alkoxy radicals were also found to successfully control the 
SFRP of several vinyl monomers (Figure 1.2). Examples include borinate,
[22]
 (arylazo)oxy
[23]
 
and triazolinyl
[24]
 radicals, as well as thermolabile bulky alkanes.
[25, 26]
 
 
Figure 1.2  Examples of persistent radicals for SFRP. 
 
1.2.2.2  Organometallic mediated radical polymerisation 
  Some complexes of redox-active transition metals can also mediate SFRP by reversibly 
forming a metal-alkyl bond (Scheme 1.5). In the literature, this is referred to as 
organometallic mediated radical polymerisation (OMRP) or, for Co(II) systems, cobalt 
mediated radical polymerisation (CMRP). 
 
 
Scheme 1.5  The equilibrium exploited in OMRP. Pn = polymer chain, m = monomer; kp, kt, kact, kdeact = rate 
constants for, respectively, propagation, termination, activation and deactivation. 
 
  The OMRP equilibrium can be established by initiating polymerisation with a conventional 
radical initiator in the presence of the transition metal complex in its lower oxidation state 
(LnM
z
), to form the oxidised organometallic species (Pn-M
z+1
Ln) in situ. Alternatively, an 
alkylated transition metal species can be added to the monomer to initiate propagation upon 
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homolytic dissociation of the metal-carbon bond (Scheme 1.6). Conventional radical 
initiators most commonly used in the former approach include azobisisobutyronitrile (AIBN), 
benzoyl peroxide (BPO) and 2,2’-azobis(4-methoxy-2,4-dimethyl valeronitrile) (V-70) 
(Figure 1.3). 
 
 
Scheme 1.6  The two possible approaches to the OMRP equilibrium (the species in red are the initial system 
components): a) the organometallic species is generated in situ by means of a conventional radical initiator, b) 
an organometallic complex is added to initiate the polymerisation upon dissociation. 
 
 
Figure 1.3  Radical initiators commonly employed in OMRP. 
 
  OMRP was first discovered in 1994, by two independent research groups. Harwood and co-
workers’ research on the polymerisation of acrylates led to the development of a CMRP 
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initiated by the photolytical cleavage of alkyl cobaloximes.
[27-29]
 In the polymerisation of a  
solution of ethyl acrylate (66 % v/v) in chloroform initiated by the isopropyl cobaloxime 
shown in Figure 1.4, molecular weights increased with conversion, although they deviated 
from calculated values above 40 % and suffered from a relatively broad distribution (PDI > 
1.5).
[29]
 Interestingly, CCT was found to dominate when the same reaction was carried out in 
bulk or solvents other than CHCl3, producing olefin-terminated oligomers.
[29-32]
 Almost 
simultaneously to these findings, Wayland et al. found that (TMP)Co neopentyl (where TMP 
= meso-tetramesitylporphyrinato) effectively controls the radical polymerisation of methyl 
acrylate (MA) in benzene by reversibly binding the propagating radicals to form (TMP)Co-
PMA.
[33]
 Molecular weights increased linearly with conversion, with polydispersity indices of 
less than 1.2. In a following report by the same group, the polymerisation rate was shown to 
be greatly enhanced when using the octabromo-derivative (Br8TMP)Co-CH(CO2CH3)CH3.
[34]
 
The impractical synthesis of the organocobalt porphyrin complexes eventually led to the 
development of the improved procedure in which the alkyl complex is formed in situ using a 
conventional radical initiator (Scheme 1.6a).
[35]
 Examples of early alkyl cobalt complexes for 
OMRP are shown in Figure 1.4. 
 
Figure 1.4  Early CMRP mediators. 
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  Recently, the water-soluble cobalt(II) porphyrins shown in Figure 1.5 were reported to 
effectively control the radical polymerisation of acrylic and methacrylic acid in water, 
yielding high molecular weight chains with relatively low polydispersities (1.2-1.4).
[36-38] 
  Although initially reported as uncontaminated CMRP systems, it was later suggested that 
cobalt porphyrins function as dormant complexes and latent radical sources by both the 
reversible termination and the reversible transfer pathways (see Section 1.4).
[39]
  
 
 
Figure 1.5  Water-soluble CMRP trapping species. 
 
  Neither cobalt porphyrins nor alkyl cobaloxime complexes, however, are able to control the 
polymerisation of monomers other than acrylates. Very reactive radicals, such as those 
produced upon initiation of vinyl acetate (VOAc), tend to bind irreversibly to the metal 
centre,
[40]
 whereas monomers like methacrylates and styrene undergo hydrogen abstraction to 
yield CCT oligomers (see Section 3). 
  A good degree of control over the radical polymerisation of VOAc was achieved by Jérôme 
et al. by means of the stable and inexpensive bis-acetylacetonato Co(II) complex.
[41]
 As well 
as being one of the very few CRP systems reported for vinyl acetate, this was the first 
example of a successful CMRP for a non-acrylate monomer. As for cobalt porphyrins, 
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however, the regulating effect of degenerative transfer was suggested to be responsible for 
the pseudo-living behaviour observed under the reported conditions.
[42]
 It was also found that 
addition of electron donors such as pyridine and water to this system results in a switch to the 
OMRP mechanism, although the level of control is reduced.  
  Poli et al. recently conducted a study on the half-sandwich Cr(II) complexes carrying β-
diketiminato ligands depicted in Figure 1.6, which were shown to engender a moderate level 
of control over the polymerisation of vinyl acetate.
[43]
 The reaction of 500 equivalents of 
monomer in the presence of the N-2,6-dimethyl-phenyl substituted complex yielded relatively 
well-defined PVOAc (Mn = 1.12  10
4
, Mw/Mn = 1.68, Mn,th = 5.16  10
3
) but only proceeded 
to low conversions (12 % after 66 h), suggesting a lower propensity for the organometallic 
bond to break homolytically. In accordance with parallel DFT calculations, which predict a 
weaker metal-alkyl bond for the more encumbered derivative, polymerisation in the presence 
of the N-DiPP substituted complex reached higher conversions (70 % after 46 h) but yielded 
somewhat broader molecular weight distributions (PDI = 1.80). 
 
 
Figure 1.6  Half-sandwich Cr(II) system for the OMRP of vinyl acetate. 
 
  ATRP active systems based on other transition metals were also reported to control the 
OMRP of styrene to various degrees (Figure 1.7). Although characterised by a linear increase 
in molecular weight with time, the polymerisation in toluene mediated by OsCl2(PPh3)3 gave 
high polydispersities (PDI = 2.81), which the authors attributed to a significant amount of 
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dead oligomers formed in the early stages of the process by the rapid decomposition of AIBN 
at 100 
o
C.
[44]
 In a study by Claverie, iron(II) porphyrins were shown to induce better control, 
with polydispersity indices consistently below 1.5.
[45]
 Half-sandwich Mo(III) complexes were 
also reported to polymerise styrene by OMRP, yielding moderate PDIs (1.3-1.7) but higher 
than predicted molecular weights, presumably because of poor initiation efficiency.
[46]
 The 
ATRP-OMRP interplay for these complexes is further discussed in Section 1.4. 
 
 
Figure 1.7  OMRP systems based on Mo(III), Fe(II) and Os(II). 
 
1.2.3  Atom transfer radical polymerisation 
  Atom transfer radical polymerisation (ATRP) involves the reversible transfer of a halogen 
atom between the growing polymer chains and a transition metal complex that is capable of 
expanding its coordination sphere and increasing the oxidation state of the metal centre by 
one unit. If the atom exchange equilibrium lies sufficiently on the side of the deactivated 
halogen terminated chains, the steady-state active radical concentration is low enough to 
allow pseudo-living chain growth (Scheme 1.7).  
 
 
Scheme 1.7  General mechanism of ATRP. 
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  ATRP originates from the well known, metal-catalysed atom transfer radical addition 
(ATRA).
[47]
 In ATRA, a transition metal catalyst undergoes one-electron oxidation by 
abstracting a halogen atom from the substrate. The resulting organic radical can then either 
add to an unsaturated compound or abstract the halogen back and revert to the original alkyl 
halide. Bimolecular termination is unlikely, as the concentration of free radicals is very small. 
The substrates are chosen in such a way that, if addition occurs, the newly formed radical is 
much more reactive than the initial one, and will essentially react irreversibly with the metal 
halide to form a stable alkyl halide product (K2>>K1) (Scheme 1.8).  
 
 
Scheme 1.8  General mechanism of ATRA. 
 
  This reaction can be exploited for ATRP by modifying the conditions such that multiple 
additions are possible. If the radical species before and after addition to the substrate possess 
similar reactivity, the activation-deactivation cycle will repeat until all the unsaturated 
substrate is consumed, producing polymers with molecular weights that increase linearly with 
conversion and are close to the predicted values, with typical polydispersities ranging from 
1.1 to 1.5. 
  ATRP was developed independently by Sawamoto and Matyjaszewski in 1995.
[9, 10]
 The 
components of an ATRP system are the monomer, a halogenated organic initiator and a 
transition metal catalyst with a suitably tuned redox potential. 
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  Assuming initiation is fast and termination reactions are negligible, the amount of initiator 
determines the number of growing polymer chains, which should be constant throughout the 
process. Many organic compounds, such as alkyl halides, α-haloesters and sulfonyl halides, 
can be effective at initiating ATRP (Figure 1.8). Although, potentially, any organic halide 
bearing a stabilising group on the α-carbon can act as initiator, its reactivity must be suited to 
the system under consideration for the latter to provide effective control. Generally speaking, 
the highest levels of control over molecular weights are achieved in the presence of chloride 
and bromide compounds. Because of the weaker carbon-halide bond, alkyl iodide compounds 
provide the most efficient initiation; their lability, however, as well as their propensity to 
cleave heterolytically, can lead to side reactions.
[3]
 The intervention of a degenerative transfer 
mechanism within the ATRP process may also occur with iodide species, a feature that is in 
fact exploited in iodine transfer polymerisation (ITP).
[48, 49]
 Substitution also influences the 
initiation efficiency of organic halides, with groups such as nitrile and alkoxy having a 
stabilising effect on the formed radical. Likewise, tertiary halides are better initiators than 
secondary ones, which in turn are more efficient than primary halides. Sulfonyl chlorides 
such as tosyl chloride (TosCl), which include such stabilising features, are known to provide 
fast initiation and are therefore commonly employed in ATRP systems. 
 
 
Figure 1.8  Commonly employed ATRP initiators: 1-phenylethyl chloride (1-PECl), toluene sulfonyl chloride 
(TosCl), 2-bromopropionitrile (2-BPN), ethyl-α-bromoisobutyrate (EBrB), methyl-α-bromophenylacetate 
(MBPA). 
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  Copper
[50-59]
 and ruthenium
[9, 60-62] 
catalysts were the first to be reported; in recent years, 
however, systems based on a wide range of transition metals such as nickel,
[63-68] 
molybdenum
[46, 69-71]
 and iron
[72-78] 
have also been shown to be active in the ATRP of a wide 
range of monomers. Examples are shown in Figure 1.9. 
 
 
Figure 1.9  Examples of active ATRP catalysts. 
 
  The most studied system is perhaps the CuBr/2dNBpy-mediated bulk ATRP of styrene 
(where dNBpy = 4,4’-di(nonan-5-yl)-2,2’-bipyridine).[79] In the initial stages of the 
polymerisation, the rapidly generated radicals build up and terminate, resulting in a loss of 
approximately 5% of the total number of chains and in the formation of 5% of the Cu
II
 
species. The accumulation of Cu
II
 in solution leads to rapid radical deactivation and a 
significant reduction in the termination rate, in accordance to the PRE. Once a steady radical 
concentration is established, each polymer chain will spend most of its lifetime in the 
dormant state and add, on average, typically less than one monomer unit in each activation-
deactivation cycle.
[80]
 The process follows the kinetic laws expressed by Equations 1.6 and 
1.7.
[81]
 
Keq = kact/kdeact = ([P
.
][Cu
II
Br])/([Cu
I
][PnBr])                (1.6) 
Rp = kobs[m] = kp[P
.
][m] = kpKeq[I][Cu
I
][m]/[Cu
II
Br]               (1.7) 
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where m is the monomer, P
.
 the growing polymer chain, Rp is the overall rate of 
polymerisation, kp is the propagation rate constant and Keq is the ATRP equilibrium constant. 
  Thus, the observed rate constant for polymerisation (kobs) should follow first order kinetics 
with respect to monomer and should be equal to the slope of the straight line produced by 
plotting ln([m]0/[m]) against time (where [m]0 is the initial monomer concentration and [m] is 
the monomer concentration at time t). Additionally, assuming an initiator efficiency of 100% 
(f = 1), a plot of Mn against conversion should result in a straight line intersecting the axes 
origin, which extrapolates to the theoretical molecular weight Mn,th at full conversion. Mn,th 
can be calculated using equation 1.8: 
Mn th = (MWm[m] + MWI[I])/[I]                  (1.8) 
where MWm and MWI are the molecular weights and [m] and [I] the concentrations of 
monomer and initiator, respectively. 
 
1.2.4  CRPs based on degenerative transfer (DT) 
  As its name suggests, DT relies on a thermodynamically neutral (degenerative) transfer 
reaction between a growing radical and an excess dormant species. The transfer agent, i.e. the 
species employed to promote such exchange, can be an atom, a group or a metal complex.  
  Iodine transfer polymerisation (ITP), a DT process initiated by alkyl iodides, was first 
reported by Tatemoto and co-workers for the preparation of halogenated polyethers.
[82]
 This 
technique has been successfully extended to a number of both halogenated and non-
halogenated monomers; among the latter are styrene,
[49, 83, 84]
 butyl acrylate,
[85]
 methyl 
(meth)acrylate
[86]
 and vinyl acetate.
[87]
 The main molecular events of the generally accepted 
mechanism are illustrated in Scheme 1.9. 
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Scheme 1.9  Mechanism of ITP. 
 
  Because of the weak C-I bond, iodoalkyl compounds commonly employed in ITP (such as 
2-iodo-perfluoropropane, 1-iodo-1-chloroethane and methyl-2-iodopropionate) are unstable 
and prone to decomposition upon storage. In an analogous approach to that developed by 
Matyjaszewski for ATRP,
[79, 88]
 Lacroix-Desmazes et al. proposed a reverse process based on 
the direct reaction of radicals with molecular iodine, I2.
[89, 90]
 In this method, which the 
authors named reverse iodine transfer polymerisation (RITP), the transfer agent is formed in 
situ by a conventional radical initiator such as AIBN. The latest addition to the category of 
iodine-transfer based techniques dates to 2007, when Tsuji and Fukuda reported the use of 
germanium, tin and phosphorous iodides for the controlled radical polymerisation of styrene 
and several methacrylates.
[91]
 The addition of GeI4, SnI4, SnI2 or PI3 to an ITP system 
mediated by 1-phenylethyl iodide and initiated by benzoyl peroxide resulted in a well 
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controlled process, yielding polymer with low polydispersities (Mw/Mn ≈ 1.1-1.3) and pre-
determinable molecular weights. 
  Because of their similar reactivity to alkyl iodides, organic compounds of metalloids such as 
tellurium (organotellurium-mediated radical polymerisation, TERP) and antimony 
(organostibine-mediated radical polymerisation, SBRP) have also been used to control radical 
polymerisation. Styrene, as well as a number of acrylates and methacrylates, was successfully 
polymerised by the tellurium species shown in Figure 1.10, with molecular weights matching 
calculated values and PDIs rarely exceeding 1.2.
[92]
 Organotellurium mediators have also 
been formed in situ from diaza compounds and ditellurides, although in some cases low 
reaction yields were found to limit the degree of control.
[93]
  
 
 
Figure 1.10  Organometalloid transfer agents for TERP and SBRP.  
 
  Studies on the kinetics of TERP have revealed that, while the mechanism is dominated by 
degenerative transfer, reversible dissociation also plays a minor role in the polymerisation 
process (Scheme 1.10).
[92]
 These studies also showed that the transfer rate of a methyltellanyl 
group in the polymerisation of styrene is about five times higher than that of an iodine 
atom,
[94]
 and about ten times lower than that for the RAFT dithioester group (vide infra).
[95]
 
The increasing versatility of these DT techniques in the order ITP < TERP <  RAFT confirms 
the fact that faster transfer is synonymous with improved control.
[3, 11]
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Scheme 1.10  Mechanisms involved in TERP. 
 
Organostibine compounds have been shown to promote highly controlled polymerisation, 
with and without a conventional radical initiator.
[92, 96]
 SBRP, however, proceeds exclusively 
by the DT mechanism,
[97]
 with a transfer rate of the dimethylstibanyl group approximately 
two times larger than that for the methyltellanyl group in TERP. Organobismuthine 
compounds such as diphenyl(2,6-dimesitylphenylthio)bismuthine can also mediate 
polymerisation by reversible exchange, in what is known as organobismuthine-mediated 
radical polymerisation (BIRP).
[98, 99]
 
  Reversible addition fragmentation transfer (RAFT), as well as the closely related 
macromolecular architecture design by interchange of xanthates (MADIX), is arguably the 
most versatile CRP technique based on reversible exchange. A wide number of systems have 
been reported in the literature since the first publications by Moad, Rizzardo and Thang in 
1998,
[100]
 and a great variety of monomers have been successfully polymerised by RAFT.
[101, 
102]
 In this method, a thioester of generic formula S=C(Z)SR and a conventional radical 
initiator are added to the relevant monomer, the polymerisation of which is mediated in a 
manner analogous to the ITP process (Scheme 1.11). Once the initiator has started monomer 
propagation, the growing chains react with the thioester, which then releases the leaving 
group R. The expelled radical initiates a monomer molecule, which in turn binds to a 
polymer-bound transfer agent (addition). The resulting radical intermediate then releases its 
other polymer chain (fragmentation) in a fast, reversible process (transfer). 
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Scheme 1.11  Proposed general mechanism of RAFT/MADIX polymerisation. 
 
  The efficiency of the RAFT agent is principally determined by the properties of its 
substituents. While R should be a good leaving group and an efficient monomer reinitiator, 
the electronic properties of Z can be varied in order to tune the stability of the radical 
intermediate.  
  MADIX, an analogous technique to RAFT based on xanthates, was discovered in 1998 at 
Rhodia by Zard and co-workers.
[103]
 While, from a mechanistic point of view, the RAFT and 
MADIX processes are identical, MADIX solely refers to the use of xanthates (S=C(OR’)SR), 
whereas RAFT extends to all thiocarbonyl compounds of generic formula S=C(Z)SR. 
  Examples of active RAFT and MADIX agents are shown in Figure 1.11. 
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Figure 1.11  Examples of RAFT/MADIX transfer agents. 
 
1.3  Catalytic chain transfer 
  Catalytic Chain Transfer (CCT) is a polymerisation mechanism that yields olefin terminated 
chains with low, conversion-independent molecular weights. Prior to its discovery, low 
molecular weight oligomers were prepared by addition of chain transfer agents such as thiols 
or carbon halides. These must be added in large amounts, as they have low chain transfer 
constants (Ctr, vide infra),
[104]
 and are often toxic or malodorous. CCT mediated by low spin 
Co(II) porphyrins was discovered by Smirnov et al. in 1975 and their findings were first 
published in English in the early 1980s.
[40]
 They found that substituted cobalt porphyrins and 
benzoporphyrins such as those shown in Figure 1.12 cause dramatic molecular weight 
reductions in the radical polymerisation of methacrylates. 
 
 
Figure 1.12  Early chain transfer cobalt catalysts. 
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  The mechanism proposed in the early publications is still widely accepted today.
[40, 105]
 In a 
first, rate determining step, the transition metal catalyst abstracts a hydrogen atom from the α-
methyl group of a polymeric radical to form the corresponding Co(III) hydride and a ‘dead’ 
olefin-terminated chain. The metal hydride can subsequently reinitiate propagation by 
transferring the hydrogen to a monomer molecule (Scheme 1.12). It should be noted that all 
growing radicals, including the monomer radical in equations (1) and (3), can be reversibly 
trapped by the Co(II) species; in the extreme case of total absence of hydrogen abstraction, 
this becomes CMRP. 
  The persistent radical effect is responsible for the selective cross-coupling reactions between 
the catalyst and the growing polymer chains, and termination by coupling of the propagating 
species is only marginal. In addition, the unsaturated chain ends of the final polymers make 
them potential macromonomers
[106-111]
 and thus precursors of graft copolymers.
[112, 113]
 
 
 
Scheme 1.12  Generally accepted mechanism for the chain transfer polymerisation of MMA catalysed by Co(II) 
complexes. 
 
  The mechanism of the rate-determining hydrogen abstraction step has long been 
debated.
[114-116]
 If it occurred by β-hydrogen elimination, the unpaired electron on the cobalt 
centre in the dz2 molecular orbital would interact with the electron in the sp
2
 orbital of the 
growing chain, resulting in the formation of an organometallic species. Subsequent β-
 38 
elimination would then provide steric relief and result in the formation of a stronger Co-H 
bond, on account of the better overlap of the dz2 and s orbitals. The formation of an 
organometallic bond between metal centre and growing chains has indeed been shown to be 
operative for most related cobalt complexes, and is of great importance in the cobalt-
mediated polymerisation of monomers which form secondary radicals, such as styrene and 
acrylates.
[117-120]
 It was however reported that Co-C bond formation has an inhibiting effect 
on the chain transfer process of such monomers.
[121, 122]
 These observations suggest that Co-C 
bond formation slows down CCT by lowering the effective concentration of Co(II) and is 
thus not involved in the hydrogen-abstraction reaction. In addition, labelling experiments 
showed a kinetic isotope effect significantly larger than what would be expected for a 
concerted β-hydride elimination.[116, 123] Evidence in the polymer literature suggests that the 
hydrogen abstraction step is most likely a radical reaction involving a caged radical pair.
[124]
 
  The activity of chain transfer catalysts is expressed in terms of the chain transfer constant 
(Ctr), which is defined as the ratio of the rate constant for transfer ktr and the rate constant for 
propagation kp (Equation 1.9): 
Ctr = ktr/kp                     (1.9) 
Experimentally, it can be measured by the Mayo method,
[125]
 in which the number average 
degree of polymerisation (DPn) is plotted against the ratio of chain transfer agent and 
monomer concentrations (Equation 1.10): 
DPn
-1
 = DPn
0
-1
 + ktr[cat]/kp[M]                  (1.10) 
where DPn
0
 is the degree of polymerisation in the absence of chain transfer agent.  
  On the basis of their propensity to undergo catalytic chain transfer, vinyl monomers can be 
divided into two categories. Monomers bearing α-methyl groups with hydrogen atoms prone 
to abstraction, such as methacrylates and α-methylstyrene,[126] are CCT active. The second 
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group of monomers, notable examples of which are acrylates and vinyl acetate, shows a 
lower propensity for hydrogen abstraction.
[127]
 
  The most active CCT catalysts found to date are cobaloximes,
[128-130] 
which display chain 
transfer constants up to about 10
5
 (Figure 1.13). Modified cobaloximes carrying bridging BF2 
groups are more stable towards hydrolysis and therefore applicable even to acidic monomers 
such as methacrylic acid.
[129]
 
 
 
Figure 1.13  Examples of CCT-active cobaloximes. 
 
  The catalytic efficiency is measured as the ratio of the chain transfer constant to catalyst 
(Ctr) versus the chain transfer constant to monomer (CM). CM for MMA was calculated to be 
2 × 10
-5
.
[131]
 Hence, the efficiency of the catalysed versus uncatalysed reaction for 
cobaloximes is 10
4
/10
-5
 = 10
9
, which is in the range of enzymatic catalysis (10
9
-10
11
). The 
rate-determining hydrogen abstraction step in this case is so rapid that it is thought to be 
diffusion-controlled.
[132-134]
   
  Among the compounds of other transition metals, only a few chromium,
[135, 136]
 
molybdenum and iron (vide infra) catalysts were found to cause molecular weight reduction 
to a significant extent.  
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 1.4  Mechanistic interplay 
  In principle, providing the polymerisation conditions and the complex’s characteristics 
allow it, two or more of the mechanisms described above can occur simultaneously. One such 
mechanistic interplay is observed in ATRP systems when the transition metal species is 
capable of binding the growing polymer chains into an OMRP dormant state (Scheme 1.13). 
 
 
Scheme 1.13  Interplay between ATRP and OMRP mechanisms. 
 
  The position of each equilibrium can be discussed in thermodynamic terms. The reaction 
enthalpy (ΔH) is related to the homolytic bond-dissociation energies (D) characteristic for 
each process as shown in Equations 1.11 and 1.12:
[137]
 
ΔHATRP = D([R-X]) – D([LnM-X])                (1.11) 
ΔHOMRP = D([LnM-R])                 (1.12) 
where LnM is a metal complex, X a halogen atom and R a polymer chain. 
  In a system deprived of halogen atoms (i. e. uncontaminated by ATRP), the level of control 
is solely determined by D([LnM-R]). If the metal-carbon bond is too weak, the equilibrium 
will be displaced towards the propagating species, resulting in a high radical concentration 
and an uncontrolled process. If LnM-R is too strong, the radicals will be irreversibly trapped 
by the complex and no polymerisation will take place. Only when the bond strength lies in 
the right energy range will the equilibrium be such as to promote a controlled process. The 
same reasoning can be applied to ATRP systems: an overly small/large ΔHATRP will result in 
a too large/small radical concentration, whereas a suitable equilibrium will ensure controlled 
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polymerisation. When the radical concentration is too large, however, polymerisation can still 
be controlled by an organometallic mechanism, providing ΔHOMRP is in the right range.  
  Poli et al. were the first to report a system capable of controlling radical polymerisation 
under both ATRP and OMRP conditions with CpMoCl2(dppe)2 and CpMoCl2(PMe3)2.
[46, 69]
 
As both ΔHATRP and ΔHOMRP are in the suitable range under ATRP conditions, the two 
mechanisms occur simultaneously. Related half-sandwich diazadiene complexes were also 
found to mediate both processes,
[69]
 while butadiene complexes CpMo(CH2SiMe3)2(η
4
-C4H6) 
and CpMoCl2(η
4
-C4H6) can operate by CCT to generate olefin-terminated oligomers.
[46]
 The 
mechanistic interplay for molybdenum mediated radical polymerisation is shown in Scheme 
1.14. 
 
Scheme 1.14  Comprehensive mechanistic scheme for molybdenum(III)-mediated radical polymerisation. 
 
  A few other systems, including ones based on Ti
[138, 139]
 and Os,
[44] 
have been shown to 
control radical polymerisation by both the ATRP and OMRP mechanisms. Examples of 
complexes able to promote such mechanistic interplay are shown in Figure 1.14. 
 
 
Figure 1.14  Examples of complexes which can operate according to both the ATRP and OMRP mechanisms. 
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  In 2002, Sawamoto et al. reported the successful ATRP of vinyl acetate mediated by 
dicarbonylcyclopentadienyliron and initiated by an alkyl iodide.
[140]
 The distinctive reactivity 
of alkyl iodides, however, leads in this case to a degenerative transfer process, which co-
operates with the ATRP equilibrium to afford improved control over the polymerisation.
[141]
 
Degenerative transfer was also found to intervene in several CMRP systems, including cobalt 
porphyrins and the highly efficient Co(acac)2.
[39, 42, 142, 143]
 This type of interplay will be 
discussed in more detail in the introduction to Chapters 4 and 5. 
  As illustrated above for molybdenum systems, chain transfer can intervene within an ATRP 
process. Active α-diimine iron(II) complexes have been shown to operate by both the ATRP 
and CCT mechanisms, with the contribution of the latter depending on the ligand substitution 
pattern.
[144, 145]
 A study carried out in our group on the polymerisation of styrene and 
(meth)acrylates catalysed by substituted 1,4-diaza-1,3-butadiene Fe(II) halide complexes 
revealed that while N-alkyl substituted compounds are efficient ATRP catalysts for MMA 
and styrene, those bearing N-aryl substituents promote CCT (Figure 1.15).
[144]
 
 
 
Figure 1.15  α-Diimine iron(II) catalysts showing ligand-dependent polymerisation behaviour. 
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  In a subsequent study, addition of para-phenyl substituted groups to the diimine backbone 
was shown to lead to a shift towards CCT proportional to the electron-withdrawing capability 
of the diimine ligand (Figure 1.14).
[145]
  
 
 
Figure 1.16  Effect of para-phenyl substituents on the polymerisation mechanism. 
 
1.5  Conclusions 
  The field of controlled radical polymerisation has progressed significantly in the past couple 
of decades, on account of the development and ongoing optimisation of techniques such as 
ATRP, RAFT and OMRP. The design and development of transition metal complexes 
suitable for these processes has allowed for the synthesis of polymers with well-defined 
architectures and fine-tuned properties.  
  Of particular relevance to the research presented in the following chapters are the ligand-
dependent catalytic behaviour of α-diimine Fe(II) halide complexes and the recently 
developed half-sandwich β-diketiminato Cr(II) system for the OMRP of vinyl acetate.  
  The content of this thesis represents a contribution to a subject within which the research 
potential is still virtually unlimited. 
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Chapter 2 
 
 
Bis(imino)acenaphthene Fe(II) catalysts 
for controlled radical polymerisation 
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2.1  Introduction 
  The work described in this chapter focuses on the catalytic behaviour of α-diimine Fe(II) 
chloride complexes bearing bis(R-imino)acenaphthene (R-BIAN) ligands for the controlled 
radical polymerisation of styrene and methyl methacrylate. 
  α-Diimine ligands, on account of their facile synthesis, substitution potential and versatility, 
have been used in a wide variety of catalytic applications. For example, bulky α-diimine 
complexes of palladium and nickel were reported to be highly active in the polymerisation of 
ethylene,
[1-4]
 while similar complexes of copper and vanadium are also active olefin 
polymerisation catalysts.
[5, 6]
 Iron α-diimine complexes have been successfully employed in 
the oligomerisation of ethylene,
[7]
 the dimerisation of dienes
[8-10]
 and the copolymerisation of 
carbon monoxide and aromatic olefins.
[11, 12]
 Other applications include the use of platinum 
and palladium catalysts for C-H bond activation
[13-16]
 and, as mentioned in Chapter 1, half-
sandwich molybdenum complexes for both OMRP and ATRP.
[17]
 
 
 
Figure 2.11 Bis(R-imino)acenaphthene (R-BIAN) ligand. 
 
  R-BIAN ligands (Figure 2.1) can be regarded as classic 1,4-diaza-1,3-butadiene ligands 
incorporating a naphthalene moiety. A consequence of this hybrid character is their ability to 
act as both proton and electron sponges, which makes them of interest for catalytic 
applications. The first reports on the synthesis of aryl-BIAN ligands and the corresponding 
Zn(II) complexes date to 1969.
[18, 19]
 Since then, the structural and catalytic properties of a 
wide number of transition metal complexes carrying R-BIAN ligands have been reported. 
Zero-valent palladium and platinum compounds were investigated to assess the influence of 
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the R-BIAN substituents on the mechanism of alkene exchange processes,
[20]
 while Pd(II) 
complexes were successfully employed as catalysts in Suzuki-Miyaura coupling reactions.
[21]
 
In the field of olefin polymerisation, aryl-BIAN Ni(II) complexes were shown to be active 
catalysts for ethylene and propylene.
[22]
 Among the most recent publications are a report on 
efficient Ru(II), Rh(III) and Ir(III) phenyl-BIAN catalysts for the hydrogenation of 
terephthalaldehyde
[23]
 and a patent on 2,6-diisopropylphenyl-BIAN Mg alkoxides for the 
ring-opening polymerisation of lactide.
[24]
 The syntheses of, among others, boron,
[25]
 
cobalt
[26]
 and several lanthanide
[27, 28]
 compounds are also available in the literature. Notably, 
N-alkyl substituted BIAN compounds were reported only in recent years, presumably because 
of their more problematic synthesis.
[29, 30]
 A selection of reported R-BIAN complexes is 
shown in Figure 2.2. 
 
 
Figure 2.2  Examples of reported R-BIAN complexes. 
 
  Active α-diimine iron(II) complexes have been shown to change their mechanistic 
behaviour in the CRP of styrene and MMA when the imine substituents and backbone 
structure are modified.
[31-33]
 A first study carried out in our group on the complexes depicted 
in Figure 2.3 revealed that their catalytic reactivity can be tuned by varying the N-
substituents. 
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Figure 2.3  α-Diimine Fe(II) complexes previously investigated for the ATRP of styrene and MMA. 
 
  N-alkyl substituted, 1,4-diaza-1,3-butadiene Fe(II) dichloride complexes I-IV are active 
ATRP catalysts for both styrene and MMA, yielding polymers with molecular weights close 
to the values expected for one polymer chain per metal centre, as well as narrow molecular 
weight distributions. Analogues VIII and IX bearing less sterically demanding N-substituents 
were found to dimerise, and polymers with higher than expected molecular weights and 
larger PDI values were obtained for both catalysts. This decline in initiation efficiency with 
respect to their monomeric counterparts was ascribed to the higher encumbrance around the 
metal centre on going from five- to six-coordination upon oxidation.  
  On the other hand, the N-aryl substituted complexes X-XIII yielded polymers with 
dramatically lower molecular weights, as well as significantly higher polydispersities (1.6-
2.1). In addition, end group analysis by NMR spectroscopy revealed olefinic end groups 
instead of the chlorine-capped chains expected for an ATRP process. It was concluded that 
catalytic chain transfer was in these cases the major polymerisation mechanism. Cyclic 
voltammetry studies suggested that while the alkylated species could be easily oxidised, the 
N-aryl substituted complexes had inaccessible or irreversible redox potentials. The switch in 
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reactivity between the two sets of catalysts was thus attributed to the accessibility of the 
Fe(II)/Fe(III) redox couple. 
  The bromide analogues VI and VII were also found to mediate ATRP, although the control 
over molecular weights was poorer than that of the chloride complexes. The catalytic 
behaviour of XVI mirrored that of its N-aryl chloride counterparts, yielding CCT oligomers. 
  Because of the positive effect of electron-donating alkyl substituents on the ATRP activity 
of these catalysts, methyl groups were incorporated into the ligand backbone in complexes V 
and XIV-XV. Contrary to expectations, however, this resulted in an increase in redox 
potential and thus decreased accessibility of the higher oxidation state, which has the effect of 
slowing down the halogen transfer equilibrium. Indeed, a slower process and poorer 
molecular weight control were observed in the presence of V with respect to I, whereas 
complexes XIV-XV, analogously to their aldimine counterparts, were relatively efficient 
chain transfer catalysts. 
  In a subsequent study, the effect of the addition of para-substituted phenyl groups to the 
diimine backbone was investigated (Figure 2.4).
[34, 35]
  
  Regardless of the nature of the N-substituents, complexes containing electron-withdrawing 
groups at the 2,3-positions of the α-diimine backbone (XVII-XXIV) were found to 
polymerise styrene by CCT, yielding oligomers with unsaturated end groups. The presence of 
the more strongly withdrawing p-FC6H4 group (XVIII) resulted in a slower process and 
lower molecular weights. 
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Figure 2.4  Effect of para-phenyl substituents on the polymerisation mechanism. 
 
  Including electron-donating substituents at the 2,3-positions of the ligand backbone, as in 
complexes XXVII and XXVIII, had the effect of significantly shifting the mechanism 
towards ATRP. Under the same reaction conditions, these catalysts yielded polystyrene with 
molecular weights only slightly lower than what expected for one chain per metal centre, as 
well as PDIs as low as 1.2 in the early stages of the process. 
  A decrease in CCT contribution, though less pronounced than with XXVII and XXVIII, 
was also observed for the para-methoxy-phenyl substituted catalysts XXV and XXVI. 
Molecular weights increased linearly up to 20 % conversion, after which termination by CCT 
was found to intervene and eventually dominate, as indicated by the sole presence of olefin-
terminated chains in the final polymer. 
  The relationship between electronic characteristics of the α-diimine ligand and molecular 
weight of the isolated polymer was examined using a Hammett plot. The resulting linear 
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correlation illustrated the influence of the electron-donating capabilities of the ligand 
backbone on the extent of ATRP contribution. 
  None of the catalysts shown in Figure 2.4 proved effective in the CCT of MMA; this was 
attributed to the steric bulk of the tertiary propagating radical, which might prevent the 
formation of the organometallic intermediate thought to undergo β-hydrogen elimination. 
  In an attempt to exploit the formation of an organometallic species to mediate OMRP, 
complexes I, XI, XVIII and XXII (Figures 2.3-2.4) were tested in the controlled 
polymerisation of styrene initiated by a conventional radical initiator.
[34, 36]
 In the presence of 
AIBN, polymerisation mediated by I was bimodal, possibly because of the intervention of 
bimolecular coupling of the growing radicals. Complex XI promoted a monomodal process, 
though PDIs were very large. Increasing the initial concentration of Fe(II) complex eight-fold 
lowered polydispersities (from 3.7 to 1.4) but also dramatically reduced conversions (from 48 
to 7.5 %). When using V-70 as the initiator, reasonably low PDI values were obtained at 
lower catalyst loadings (1.5 and 1.3 with two equivalents of I and XI, respectively), though 
polymerisations stopped at conversions as low as 12 % for XI. Although high conversions 
were reached in polymerisation experiments with derivatives XVIII and XXII under the 
same conditions, molecular weight distributions were broad (PDI = 2.0-3.0) and GPC traces 
markedly bimodal. The ill-defined nature of these processes was attributed to the steric bulk 
of these complexes, which, according to the authors, would shift the equilibrium too far 
towards the active species and result in uncontrolled chain growth.
[34]
 
  The work presented in the following sections extends the reported studies on this type of 
iron catalysts to complexes of α-diimine ligands bearing a conjugated acenaphthene 
backbone. According to reported redox studies on Pd(0) complexes,
[37]
 the BIAN ligand is a 
strong π-acceptor and therefore has an electron withdrawing effect on the metal centre. The 
objective of this study is to assess the influence of both the acenaphthene moiety and the N-
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substituents on the reactivity of the iron centre in the controlled living polymerisation of 
styrene and MMA. In the light of previous results, a bias towards the chain transfer 
mechanism is anticipated. 
 
2.2  Results and discussion 
2.2.1  Complex synthesis 
2.2.1.1  Synthesis of α-diimine ligands L1-L6 
  The N-substituted bis(R-imino)acenaphthene (R-BIAN) ligands L1-L6 [where R = 2,6-
diisopropylphenyl (DiPP), mesityl (Mes), phenyl (Ph), tert-butyl (
t
Bu), cyclohexyl (Cy), 
adamantyl (Ad)] were prepared by condensation of the diketone precursor 
acenaphthenequinone with two molar equivalents of the relevant primary amine. The 
synthesis of aryl-BIAN compounds L1-L2 in methanol with formic acid as the activator was 
carried out as previously reported
 
(Scheme 2.1),
[22]
 and both products were isolated in good 
yields (75 % and 87 %, respectively) as orange microcrystalline solids. The same procedure, 
however, was not successful for R = phenyl, yielding 59 % of the monocondensation product 
(Scheme 2.2).  
 
 
Scheme 2.1  Condensation reaction for the preparation of aryl-BIAN ligands L1-L2. 
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Scheme 2.2  Monocondensation product obtained for R = Ph. 
 
  N-alkyl substituted imines are less readily formed for a number of possible reasons, 
including the lack of stabilisation through conjugation. According to Ragaini et al., the strain 
of the five-membered BIAN ring arising from the sp
2
 hybridisation of the five carbon atoms 
can be partially relieved by isomerisation from An=N-R into An-N=R.
[29]
 In their studies, the 
presence of α-hydrogen atoms in BIAN ligands with small alkyl substituents such as n-Bu 
and CH2Ph did indeed lead to rapid isomerisation and subsequent decomposition.
[29, 38]
 The 
authors overcame this problem by using the even more strained cyclopropyl groups. Their 
failed attempts to synthesise derivatives lacking α-hydrogen atoms such as tert-butyl-BIAN 
and adamantyl-BIAN were attributed to steric effects. 
  The synthesis of alkyl-BIAN ligands L4-L6 was successfully carried out under inert 
atmosphere in the presence of the Lewis acid TiCl4, which was added in slight excess with 
respect to the ketone. TiCl4 also acts as a dehydrating agent and thus helps shift the 
equilibrium towards the condensation products (Scheme 2.3).
[39, 40]
 The crude ligands were 
recrystallised from methanol and isolated in moderate yields (40-60 %). The phenyl-
substituted derivative L3 was also successfully synthesised using this procedure, whereas 
recrystallisation and trituration attempts of the crude
 
brown oil containing bis(
i
Pr-
imino)acenaphthene led to its decomposition.  
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Scheme 2.3  Condensation reaction for the preparation of N-phenyl- and N-alkyl substituted BIAN ligands. 
 
  Shortly after this titanium-catalysed procedure was optimised, Cowley et al. reported the 
syntheses and analytical data of compounds L4 and L6 using, respectively, iminoalane and 
aminoalane transfer reagents.
[30]
 
 
2.2.1.2  Complexation to iron(II): synthesis of 1-5 
  The corresponding bis(imino)acenaphthene Fe(II) dichloride complexes (1-5) were readily 
prepared by stirring a solution of equimolar amounts of FeCl2(THF)1.5 and the relevant 
diimine ligand (L1-L6) in dichloromethane at room temperature for 4 h (Scheme 2.4). The 
complexes were isolated as green (1, 4-5), green-blue (3) or brown (2) solids in moderate to 
good yields (56-82 %) by precipitation from pentane and needed no further purification. 
 
 
Scheme 2.4  Synthetic procedure to compounds 1-5. 
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  Microanalyses and mass spectrometry data (+FAB-MS) were consistent with the formation 
of the four-coordinate iron(II) species. Spin state determination by the Evans NMR method in 
CH2Cl2/CDCl3 gave solution magnetic moment values that agree with the expected high spin 
state for the d
6
 tetrahedral complexes. In the IR spectra of the pure compounds, a shift to 
lower wavelengths of the C=N stretch with respect to the free ligands supports the formation 
of the nitrogen-iron bond. Contact shifted 
1
H NMR spectra were recorded for complexes 1-5 
and assigned on the basis of integrated signal intensities and parallel correlation spectroscopy 
(COSY) experiments. As the relaxation time of the nuclei in these complexes is considerably 
shortened by the paramagnetic metal centre, however, two-dimensional NMR experiments 
were only partly useful in assigning the observed resonances. For all compounds, the only 
clearly resolved correlation was that between the nuclei least affected by the iron centre, i.e. 
the aromatic protons on the acenaphthene moiety. 
  The spectrum of 3 is shown in Figure 2.5. As can be seen, the 18 tert-butyl hydrogen atoms 
give rise to a broad singlet at around -11 ppm, while the aromatic protons resonate at lower 
fields (δ 3-17). Although it is tempting to assign the broad signal at 4 ppm to H3 on account 
of its proximity to the imine, the assignment was cautiously left open to either H
3
 or H
1
 
because of the unpredictability of the paramagnetic shifting effect. The two signals at 5.51 
and 7.26 ppm correspond to residual dichloromethane and chloroform, respectively. 
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Figure 2.5  
1
H NMR spectrum of compound 3 (in CDCl3, 295 K). Residual solvent signals: chloroform (*), 
dichloromethane (**). 
 
  A similar pattern of resonances for the acenaphthene backbone protons can be seen in the 
spectrum of 4 at around 0.1, 0.9 and 14.9 ppm (Figure 2.6). The cyclohexyl signals, on the 
other hand, cover a much wider range of chemical shifts. The peak for H
4
, the axial position 
and proximity to the metal centre of which result in the biggest downfield shift, is found at 
134 ppm, whereas the furthest H
7
 give rise to the most upfield resonance at -41 ppm.  
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Figure 2.6  
1
H NMR spectrum of compound 4 (in CDCl3, 295 K). Residual solvent signal: chloroform (*). 
 
  Crystals of 2-5 suitable for X-ray structure determination were grown by carefully layering 
pentane onto a solution of the complexes in dichloromethane and allowing slow diffusion to 
occur. The resolved structures, shown in Figures 2.7 to 2.10, all revealed monomeric, four-
coordinated tetrahedral species. 
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Figure 2.7  The molecular structure of 2. Selected bond lengths (Å) and angles (
o
): Fe-Cl(1) 2.2188(7), Fe-N(1) 
2.1366(15), C(1)-N(1) 1.276(2), C(8)-N(1) 1.440(2), C(1)-N(1)-C(8) 119.2(15), Cl-Fe-Cl(A) 117.40(5), N(1)-
Fe-N(1A) 78.68(8), Cl-Fe-N(1) 113.86(4), Cl(A)-Fe-N(1) 113.52(4). Maximum deviation from N(1)-C(1)-
C(1A)-N(1A) plane (Å): N(1), C(1), C(1A), N(1A) 0.0013, Fe 0.00. 
 
  The X-ray crystal structure of 2 shows a distorted tetrahedral iron centre where the cis 
angles are in the range of 78.68(8)-117.40(5)°, with the most acute being the bite angle of the 
chelating [N,N] ligand (Figure 2.7). A crystallographic C2 axis passes through the iron centre, 
C(6) and C(7), bisecting the two chlorine atoms and the C(1)-C(1A) single bond [1.454(3) Å] 
between the two imine units [C(1)-N(1) 1.276(2) Å]. The acenaphthene moiety is coplanar 
with the metal (maximum deviation 0.00 Å), while the two aryl rings are twisted onto a 
sterically relieved orthogonal plane.  
  The geometry of complex 3 shows even greater distortion from ideal tetrahedral, with the 
cis angles ranging from 80.21(3) to 121.84(3)° for N(1)-Fe-N(2) and Cl(2)-Fe-N(2), 
respectively (Figure 2.8). In this case, the iron centre perches above the ligand plane in the 
direction of Cl(1) (maximum deviation 0.5097 Å), and is out of the N(1)-N(2)-Cl(2) plane by 
0.76 Å. A second noticeable difference from 2 is found in the larger C-N-C angle between the 
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N-substituents and the imine backbone [C(1)-N(1)-C(3) = 125.60(9)° and C(2)-N(2)-C(17) = 
125.58(9)° compared with C(1)-N(1)-C(8) = 119.2(15)° for 2], and is most probably the 
result of the larger steric bulk of the tert-butyl substituent. This feature may reduce 
accessibility to the metal centre, and could be expected to affect its catalytic activity.  
 
 
Figure 2.8  The molecular structure of 3. Selected bond lengths (Å) and angles (
o
): Fe-Cl(1) 2.2491(4), Fe-Cl(2) 
2.2355(3), Fe-N(1) 2.0912(9), Fe-N(2) 2.0923(9), C(1)-N(1) 1.2888(13), C(3)-N(1) 1.4944(13), C(1)-N(1)-C(3) 
125.60(9), Cl(1)-Fe-Cl(2) 118.620(15), N(1)-Fe-N(2) 80.21(3), Cl(1)-Fe-N(1) 106.08(3), Cl(2)-Fe-N(1) 
119.32(3), Cl(1)-Fe-N(2) 103.80(3), Cl(2)-Fe-N(2) 121.84(3). Maximum deviation from N(1)-C(1)-C(2)-N(2) 
plane (Å): N(1), C(1), C(2), N(2) 0.0184, Fe 0.5097. 
 
  The molecular structure of complex 4 is shown in Figure 2.9. As in compound 2, the metal 
centre is found essentially in the plane defined by the acenaphthene moiety (maximum 
deviation 0.1114 Å), while the cyclohexyl rings are twisted to an angle that minimises steric 
repulsion. It can thus be concluded that the shift out of the ligand plane in the case of 3 and 5 
(see below) is most probably due to the three-dimensional encumbrance of, respectively, the 
tert-butyl and adamantyl groups. The influence of the size of the N-group on the C(An)=N-
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C(R) angles is also confirmed, as their value is only 120.70(18)° and 120.68(19)° [(C(1)-
N(1)-C(13) and C(2)-N(2)-C(19), respectively] for complex 4. 
 
 
Figure 2.9  The molecular structure of 4. Selected bond lengths (Å) and angles (
o
): Fe-Cl(1) 2.2414(7), Fe-Cl(2) 
2.2405(7), Fe-N(1) 2.1141(17), Fe-N(2) 2.1220(18), C(1)-N(1) 1.282(3), C(13)-N(1) 1.476(3), C(1)-N(1)-C(13) 
120.70(18), C(2)-N(2)-C(19) 120.68(19), Cl(1)-Fe-Cl(2) 126.97(3), N(1)-Fe-N(2) 79.99(6), Cl(1)-Fe-N(1) 
112.87(5), Cl(2)-Fe-N(1) 106.27(5), Cl(1)-Fe-N(2) 108.80(5), Cl(2)-Fe-N(2) 112.10(5). Maximum deviation 
from N(1)-C(1)-C(2)-N(2) plane (Å): N(1), C(1), C(2), N(2) 0.0089, Fe 0.1114. 
 
  In line with the geometry of 2-4, complex 5 was also found to adopt a distorted tetrahedral 
arrangement in the solid state (Figure 2.10). The large adamantyl substituents engender the 
most significant degree of distortion, with the metal centre pushed out of the plane defined by 
N(1), C(1), N(2) and C(2) (maximum deviation 0.3907 Å), and the cis angles ranging from 
79.68(4)° to 122.301(15)°. The size of the C(An)=N-C(R) angle is also accordingly large at 
125.19(10)° and 126.46(10)° for C(1)-N(1)-C(13) and C(2)-N(2)-C(23), respectively. 
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Figure 2.10  The molecular structure of 5. Selected bond lengths (Å) and angles (
o
): Fe-Cl(1) 2.2746(4), Fe-
Cl(2) 2.2430(4), Fe-N(1) 2.0957(10), Fe-N(2) 2.0952(10), C(1)-N(1) 1.2818(14), C(13)-N(1) 1.4758(14), C(1)-
N(1)-C(13) 125.19(10), C(2)-N(2)-C(23) 126.46(10), Cl(1)-Fe-Cl(2) 122.301(15), N(1)-Fe-N(2) 79.68(4), 
Cl(1)-Fe-N(1) 104.61(3), Cl(2)-Fe-N(1) 116.23(3), Cl(1)-Fe-N(2) 108.57(3), Cl(2)-Fe-N(2) 117.09(3). 
Maximum deviation from N(1)-C(1)-C(2)-N(2) plane (Å): N(1), C(1), C(2), N(2) 0.0167, Fe 0.3907. 
 
  On the whole, the values for the main angles and bond lengths are comparable to those for 
the N-substituted 1,4-diaza-1,3-butadiene Fe(II) dichloride complexes prepared by Dr. R. 
O’Reilly, including a difference in the C(backbone)=N-C(R) angle of about 6o between the 
N-Mes and N-
t
Bu substituted analogues.
[33]
 
 
2.2.1.3  Metallation of compound L3 
  Because of the low solubility of the product in dichloromethane, the synthesis of bis(Ph-
imino)acenaphthene Fe(II) dichloride was attempted in THF at 60 
o
C (Scheme 2.5). 
Nonetheless, quite a substantial amount of material had not dissolved after 12 hours and 
precipitation by addition of pentane to the filtered supernatant only allowed the isolation of a 
small amount of material. The structure of crystals grown from slow diffusion of a 
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dichloromethane solution in pentane revealed the formation of the bis-chelate species 
depicted in Figure 2.11. The concomitant presence of the iron(III) anion [FeCl4]
−
, however, 
suggests a formal oxidation state of three for the metal centre of complex 6. 
 
 
Scheme 2.5  Formation of bis-chelate complex 6. 
 
  The geometry around the metal centre is distorted octahedral, with the two chlorine atoms in 
a cis position to each other. The cis angles range between 75.53(10)° for N(31)-Fe-N(32) and 
102.97(3)° for Cl(1)-Fe-Cl(2). A clear trans-influence of the chlorine atoms can be seen from 
the longer iron-nitrogen bond lengths for Fe-N(2) and Fe-N(32) [both 2.231(3) Å] compared 
to Fe-N(1) [2.163(3) Å] and Fe-N(31) [2.159(3) Å]. The phenyl rings within each BIAN 
ligand are almost coplanar and tilted by approximately 90° with respect to the acenaphthene 
moiety.  
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Figure 2.11  The molecular structure of 6 (FeCl4
-
 anion not included). Selected bond lengths (Å) and angles (
o
): 
Fe-Cl(1) 2.2211(10), Fe-Cl(2) 2.2399(10), Fe-N(1) 2.163(3), Fe-N(2) 2.231(3), Fe-N(31) 2.159(3), Fe-N(32) 
2.231(3), C(1)-N(1) 1.263(4), C(2)-N(2) 1.285(4), C(31)-N(31) 1.283(4), C(32)-N(32) 1.284(4), C(1)-N(1)-C(3) 
118.1(3), C(31)-N(31)-C(33) 118.3(3), Cl(1)-Fe-Cl(2) 102.97(3), Cl(2)-Fe-N(2) 89.08(7), N(2)-Fe-N(32) 
77.61(7), N(31)-Fe-N(32) 75.53(10). 
 
  When looking at the reaction stoichiometry (Scheme 2.6), it is evident that the formation of 
the observed compound requires two additional chlorine atoms; it is not yet known whether 
these come from a third Fe(II) chloride molecule or from dichloromethane. 
 
 
Scheme 2.6  Metallation scheme for compound L3. 
 
  The reason for the lower stability of bis(Ph-imino)acenaphthene Fe(II) dichloride compared 
to its analogues probably lays in the smaller steric bulk around the metal centre engendered 
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by the phenyl rings, which could allow for the accommodation of two ligand molecules. 
Because of the problematic synthesis, the catalytic properties of compound 6 were not 
investigated as thoroughly as those of its analogues 1-5. 
 
2.2.2  Styrene polymerisation under ATRP conditions 
  Complexes 1-6 were tested in the ATRP of styrene (200 eq., bulk) under inert atmosphere at 
120 
o
C, with 1-phenylethyl chloride (1-PECl) as the initiator. In order to follow the course of 
the reaction in the presence of 1-5, samples were removed from the polymerisation mixture at 
regular intervals and analysed by 
1
H NMR and GPC to obtain, respectively, conversion and 
molecular weight data. The crude polymer obtained at reaction completion was dissolved in 
THF and precipitated by dropwise addition to a vigorously stirred solution of hydrochloric 
acid in methanol (1 % v/v). Representative sets of results for all six catalysts are collected in 
Table 2.1. 
 
Table 2.1  Styrene polymerisation results for catalysts 1-6. 
Catalyst R
a
 Time (h) Conv. (%)
b
 kobs (h
-1
)
c
 Mn
d
 Mn,th Mw/Mn
d
 
1 DiPP 71 72 0.018 3600 15000 1.98 
2 Mes 70 70 0.018 2800 14500 1.95 
3 
t
Bu 70 64 0.016 8400 13400 1.35 
4 Cy 77 63 0.012 8200 13000 1.39 
5 Ad 71 87 0.011/0.062 9900 18100 1.75 
6 Ph 24 60 - 2500 12500  2.26 
a
 R = N-substituent; 
b
 determined by 
1
H NMR in CDCl3; 
c
 determined by GPC in CHCl3. 
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2.2.2.1  N-Aryl substituted complexes 1-2 and 6 
  Results for kinetic runs in the presence of complexes bearing aryl-BIAN ligands 1 and 2 are 
shown in Figures 2.12-2.13. The semilogarithmic plots of conversion against reaction time 
are linear, with a pseudo-first order rate constant (kobs) of 0.018 h
-1
 for both catalysts. In the 
first stages of the process, molecular weights increased linearly with conversion, in line with 
the values predicted for one chain per catalyst molecule. Between about 20 % conversion and 
completion, however, their values stagnated below 4000 Da for complex 1 and 3000 Da in 
the case of complex 2. This indicates the intervention of polymer termination by chain 
transfer, which is supported by the steady increase in polydispersities from about 1.3 to just 
below 2.  Under the same conditions, complex 6 also appears to mediate CCT (Table 2.1), 
albeit generating somewhat broader molecular weight distributions with respect to 1 and 2. 
Given the rapidity of the process when compared with catalysts 1 and 2, however, this is not 
particularly surprising. Its CCT capabilities suggest the presence of the mono-chelate species 
in solution, as a free coordination site on the metal centre is required for the chain transfer 
process to take place. 
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Figure 2.12  Plot of the natural logarithm of conversion v. time for the polymerisation of styrene carried out at 
120 
o
C, with [styrene]/[cat]/[1-PECl] = 200/1/1; cat = 1(■), 2(▲). 
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Figure 2.13  Plot of molecular weight v. conversion (full symbols) and evolution of PDI values (empty 
symbols) for the polymerisation of styrene carried out at 120 
o
C, with [styrene]/[cat]/[1-PECl] = 200/1/1; cat = 
1(■, □), 2(▲, Δ). The straight line corresponds to Mn,th. 
 
2.2.2.2  N- Alkyl substituted complexes 3-5 
  Figure 2.14 depicts the conversion increase with time for complexes 3 and 4. The linearity 
of the plots is indicative of a constant radical concentration and a controlled process up to 
high conversions. The observed rate constants are somewhat lower than those derived for the 
aryl-BIAN catalysts at kobs = 0.016 and 0.012 for complexes 3 and 4, respectively. Although 
small, this difference was consistent over a series of runs and is thus not likely to be the result 
of aleatory experimental error. In the semilogarithmic plot for the polymerisation mediated 
by 5, the rate increase to kobs = 0.062 delineated by the last two points suggest a rise in the 
concentration of propagating radicals at high conversions, which may be due to catalyst 
decomposition (Figure 2.15). As illustrated by the molecular weight evolution plotted in 
Figure 2.16, the catalytic behaviour of aryl-BIAN bearing complexes 3-5 was markedly 
different from that of catalysts 1 and 2.  Molecular weights again deviated from the 
theoretical line after about 15 % conversion, but remained much closer to it and ceased to 
increase only after 60 % conversion. Although this indicates some extent of CCT 
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contribution, atom transfer is here the dominant mechanism and these systems can be 
described as quasi-ATRP. The mechanistic shift is reflected by narrower molecular weight 
distributions (1.3-1.8) than observed with catalysts 1, 2 and 6.  
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Figure 2.14  Plot of the natural logarithm of conversion v. time for the polymerisation of styrene carried out at 
120 
o
C, with [styrene]/[cat]/[1-PECl] = 200/1/1; cat = 3(♦), 4(▲). 
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Figure 2.15  Plot of the natural logarithm of conversion v. time for the polymerisation of styrene carried out at 
120 
o
C, with [styrene]/[5]/[1-PECl] = 200/1/1.  
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Figure 2.16  Plot of molecular weight v. conversion (full symbols) and evolution of PDI values (empty 
symbols) for the polymerisation of styrene carried out at 120 
o
C, with [styrene]/[cat]/[1-PECl] = 200/1/1; cat = 
3(♦, ◊), 4(▲, Δ), 5(■, □). The straight line corresponds to Mn,th. 
 
  The larger C-N-C angle between the N-substituent and the imine backbone observed in 
complexes 3 and 5 (Section 2.2.1.2) was expected to influence the catalysts’ reactivity, 
possibly by helping prevent the coordination of a propagating oligomer to form the 
organometallic species that has been suggested to lead to β-H elimination. However, as 
showed by the polymerisation results presented in this section, the fact that the reactivity of 
compound 4 [C-N-C = 120.70(18)°] is similar to that of 3 [C-N-C = 125.60(9)°] and 5 [C-N-
C = 125.19(10)°] means this angle does not affect the combination of mechanism by which 
the catalysts operate. 
 
2.2.2.3  End group analysis 
  The two possible mechanisms of formation of the unsaturated end groups typical of CCT 
polymerisation are illustrated in Scheme 2.7. The iron(II) catalyst can either abstract a 
hydrogen atom from a growing chain or bind to it before undergoing β-H elimination, in both 
cases resulting in the formation of a Fe(III) hydride and an olefin-terminated oligomer. 
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Scheme 2.7  Possible mechanisms for the formation of olefin-terminated polystyrene chains. 
 
  Polymer chains generated by ATRP bear the alkyl halide end groups characteristic of the 
“living” dormant chains (Scheme 2.8). 
 
 
Scheme 2.8  Mechanism for the formation of chlorine-terminated polystyrene chains. 
 
  End group analysis of the purified polymer was performed by 
1
H NMR and proton 
correlation spectroscopy (COSY). Two signals are characteristic for the system under 
investigation: chlorine-terminated chains arising from the ATRP equilibrium result in a broad 
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resonance at ca. 4.5 ppm, whereas a signal at 3.2 ppm coupled to the olefinic resonance 
around 6.3 ppm indicates the presence of the CCT unsaturated product (Figure 2.17). 
 
 
Figure 2.17  Expected 
1
H NMR shifts for polystyrene end groups. 
 
  Both olefin- and chlorine-terminated chains were observed in polystyrene samples produced 
with catalysts 1-5, the amount of the former increasing with conversion for CCT catalysts. 
This is because the amount of olefin-terminated polymer which is formed by every CCT 
event accumulates in the system to the point of greatly outnumbering the chlorinated ATRP 
dormant chains, and is illustrated by the disappearance at high conversions of the signal at 4.5 
ppm in the 
1
H NMR of the polymer produced with catalyst 1 (Figure 2.18).  
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Figure 2.18  
1
H NMR spectra of polystyrene obtained with catalyst 1 at increasing conversions (45-95 %). a = 
chlorine-capped polymer; b = olefin-terminated polymer. 
 
  In the presence of catalysts 3-5, much fewer CCT events take place and the amount of 
chlorine-capped polymer chains is significant up to high conversions (Figure 2.19). The 
COSY spectrum of the polymer produced by catalyst 3 is shown in Figure 2.20. The signals 
for unsaturated and chlorinated end groups are clearly visible at, respectively, ~3 (***) and 
~4.5 (**) ppm and their correlations to the neighbouring backbone protons are highlighted. 
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Figure 2.19  
1
H NMR spectrum of polystyrene obtained with catalyst 3 at 80 % conversion. 
 
 
Figure 2.20  Proton correlation NMR spectrum of polystyrene obtained with catalyst 3. */*** = olefin-
terminated polymer; ** = chlorine-capped polymer. 
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2.2.3  Mechanistic studies  
  The kinetics of the R-BIAN Fe(II) dichloride system were investigated by varying the 
reaction conditions. In a first series of experiments, the catalyst-to-initiator ratio was 
increased to 2, i.e. [styrene]/[cat]/[1-PECl] = 200/2/1. The results are summarised in Table 
2.2 and plotted in Figures 2.21-2.23.  
 
Table 2.2  Results for the polymerisation of styrene with [mon]/[cat]/[I] = 200/2/1. 
Catalyst R
a
 Time (h) Conv. (%)
b
 kobs (h
-1
) Mn
c
 Mn,th PDI
c
 
1 DiPP 53 67 0.018 3700 13900 1.81 
3 
t
Bu 49 77 0.031 12900 16000 1.39 
4 Cy 47 76 0.029 9300 15900 1.69 
a
 R = N-substituent; 
b
 determined by 
1
H NMR in CDCl3; 
c
 determined by GPC in CHCl3. 
 
kobs = 0.018 h
-1
kobs = 0.018 h
-1
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
0 10 20 30 40 50 60 70 80
ln
([
M
] 0
/[
M
])
time (h)
 
Figure 2.21  Kinetic plots for the polymerisation of styrene in the presence of [1]/[1-PECl] = 1 (■, —) and 
[1]/[1-PECl] = 2 (□, ----). 
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Figure 2.22  Kinetic plots for the polymerisation of styrene in the presence of [3]/[1-PECl] = 1 (♦, —) and 
[3]/[1-PECl] = 2 (◊, ----). 
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Figure 2.23  Kinetic plots for the polymerisation of styrene in the presence of [4]/[1-PECl] = 1 (▲, —) and 
[4]/[1-PECl] = 2 (Δ, ----). 
 
  For catalyst 1, neither the polymerisation rate nor the molecular weights were affected by 
the increase in catalyst loading, whereas in the case of 3 and 4 the polymerisation rate 
approximately doubled. The latter result is in agreement with the kinetic law for ATRP 
systems, which states that the polymerisation rate is proportional to the concentration of the 
activating Fe(II) species (Equation 2.1):
[41]
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Rp = kpKeq[I]0[Fe
II
][M]/[Cl-Fe
III
]         and  Rp = kobs[M]                 (2.1) 
where Rp is the overall rate of polymerisation, kp is the propagation rate constant, Keq is the 
ATRP equilibrium constant (Keq = kact/kdeact) and kobs is the observed rate constant. 
  The fact that molecular weights were not affected by an increase in the concentration of the 
chain transfer catalysts may seem surprising at first, as chain growth theory predicts a 
reciprocal relationship between catalyst loading and Mn.
[42]
 However, it has long been known 
that this inverse proportionality only holds at low catalyst loadings and that molecular 
weights are larger than predicted at higher concentrations of the chain transfer agent.
[43]
 
  In a second series of experiments, the number of monomer equivalents with respect to the 
catalyst was varied and the relative length of the resulting chains was compared. The results 
are plotted in Figure 2.24.  
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Figure 2.24  Mayo plots for catalysts 1 (■), 2 (▲) and 3 (♦). 
 
  According to the Mayo equation for chain transfer catalysts, the inverse of the average 
degree of polymerisation (DPn
-1
) increases linearly with the initial catalyst-to-monomer ratio 
([cat]0/[M]0), the proportionality constant being the chain transfer constant Ctr.
[42]
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  It must be kept in mind that catalysts 1-3 are not active under conventional chain transfer 
polymerisation conditions (see Section 2.2.5) and that chain transfer only intervenes within 
the ATRP process. The initiator concentration (and thus the amount of initial growing 
radicals) is kept constant when determining Ctr in conventional systems. Here, where the 
organic halide acts as the radical source by transferring the halogen atom onto the catalyst, 
the initiator concentration was kept equal to that of the metal complex, as it is the amount of 
the latter that determines the amount of initial radicals. Although this system does not strictly 
have the characteristics for which the Mayo equation was derived, the observed results 
provide a valid trend when compared. As can be seen in Figure 2.24, the slope of the 
trendline, which is proportional to the chain transfer ability of the catalyst, increases in the 
order R = 
t
Bu < DiPP < Mes, with the value for Mes-BIAN Fe(II) being over four times 
larger than that of 
t
Bu-BIAN Fe(II). This is in good agreement with the shorter chain length 
obtained in the polymerisation of styrene catalysed by the N-aryl substituted complexes.  
 
2.2.4  MMA polymerisation initiated by different organic halides 
  The polymerisation of methyl methacrylate (200 eq., bulk) was carried out at 80 
o
C in the 
presence of catalyst 3. Different alkyl/sulfonyl halides were employed to study the effect of 
the nature of the initiator on the reaction outcome. As the radical propagation rate for MMA 
is greater than that for styrene, both more efficient initiation and faster deactivation are 
required for control.
[44]
 The development of molecular weights with conversion for catalyst 3 
with ethyl α-bromobutyrate (EBrB), 1-phenylethyl chloride (PECl) and p-toluenesulfonyl 
chloride (or tosyl chloride, TosCl) are plotted in Figures 2.25-2.27. The polymerisation of 
MMA in the presence of catalyst 1 and TosCl is illustrated in Figure 2.28. 
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Figure 2.25  Plot of molecular weight v. conversion (♦) for the polymerisation of MMA carried out at 80 oC, 
with [MMA]/[3]/[EBrB] = 200/1/1. The black line represents Mn,th and the empty diamonds indicate the 
polydispersity values.  
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Figure 2.26  Plot of molecular weight v. conversion (♦) for the polymerisation of MMA carried out at 80 oC, 
with [MMA]/[3]/[1-PECl] = 200/1/1. The black line represents Mn,th and the empty diamonds indicate the 
polydispersity values. 
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Figure 2.27  Plot of molecular weight v. conversion (♦) for the polymerisation of MMA carried out at 80 oC, 
with [MMA]/[3]/[TosCl] = 200/1/1. The black line represents Mn,th and the empty diamonds indicate the 
polydispersity values. 
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Figure 2.28  Plot of molecular weight v. conversion (■) for the polymerisation of MMA carried out at 80 oC, 
with [MMA]/[1]/[TosCl] = 200/1/1. The black line represents Mn,th and the empty squares indicate the 
polydispersity values. 
 
  In the case of EBrB, initiation was ineffective and uncontrolled chain growth leading to high 
molecular weights was observed even at low conversions (Figure 2.25). Mn eventually 
decreased, though values were still large at reaction completion. Kinetic plots for 1-PECl also 
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showed uncontrolled propagation up to 5-10 % conversion, after which molecular weights 
increased only very slightly (Figure 2.26). Sulfonyl chlorides are known to provide much 
faster initiation than propagation. Indeed, the best results were obtained with TosCl, for 
which the initial deviation of Mn was less significant and molecular weights soon approached 
the theoretical line (Figure 2.27). PDI values decreased from 1.9 to about 1.4 at 70 % 
conversion. The same trend was observed in the presence of catalyst 1; the initial deviation 
was somewhat stronger, but molecular weights eventually reached the predicted values and 
PDIs decreased to 1.66 at 68 % conversion (Figure 2.28).  
  In contrast to styrene, chain transfer should be favoured with MMA because of the 
accessibility of the hydrogen atom on the α-methyl group of the growing radicals. 
Surprisingly, its contribution was untraceable in the 
1
H NMR spectra and GPC traces of the 
isolated polymers produced by catalysts 1 and 3.  
 
2.2.5  Styrene polymerisation under OMRP conditions 
  As discussed in the introductory section of this chapter, the OMRP equilibrium is a potential 
link between the ATRP and CCT mechanisms (Scheme 2.9). Past studies in our group have 
provided circumstantial evidence that CCT events within the α-diimine iron system occur 
through a bond-formation β-H elimination mechanism rather than the direct H-abstraction 
pathway. This issue, however, remains unresolved. 
 
 
Scheme 2.9  Possible pathways to CCT termination.
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  Complexes 1-3 were tested for the controlled polymerisation of styrene (200 eq., bulk) at 
120 
o
C, with 1 eq. of 2,2'-Azobis(4-methoxy-2.4-dimethyl valeronitrile) (V-70) as the 
initiator. Kinetic plots monitoring the development of conversion and molecular weights for 
complexes 1-3 are shown in Figures 2.29-2.32. 
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Figure 2.29  Plot of the logarithm of conversion v. time for the polymerisation of styrene carried out at 120 
o
C, 
with [styrene]/[complex]/[V-70] = 200/1/1; complex = 1 (■), 2 (▲). 
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Figure 2.30  Plot of molecular weight v. conversion (full symbols) and evolution of PDI values (empty 
symbols) for the polymerisation of styrene carried out at 120 
o
C, with [styrene]/[complex]/[V-70] = 200/1/1; 
complex = 1 (■, □), 2 (▲, Δ). The solid line represents Mn,th. 
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Figure 2.31  Plot of the logarithm of conversion v. time for the polymerisation of styrene carried out at 120 
o
C, 
with [styrene]/[3]/[V-70] = 200/1/1.  (♦) and (♦) refer to two different runs. 
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Figure 2.32  Plot of molecular weight v. conversion (full symbols) and evolution of PDI values (empty 
symbols) for the polymerisation of styrene carried out at 120 
o
C, with [styrene]/[3]/[V-70] = 200/1/1. The solid 
line represents Mn,th. (♦) and (♦) refer to two different runs.  
 
  After a short initial phase of very fast polymerisation, a linear increase in both conversion 
and molecular weight was observed, with the latter matching calculated values. However, 
these figures are misleading, as the measured PDI values were very large (3.8-5.1) and GPC 
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curves showed bimodal behaviour (Figure 2.33). For all complexes, the observed rate of 
polymerisation was kobs ≈ 0.28 h
-1
. 
 
 
Figure 2.33  GPC traces for the OMRP of styrene at 120 
o
C with 3 at increasing conversions (%): 9 (−), 19 (−), 
23 (−), 30 (−), 65 (−). 
 
  Up to 20 % conversion, the only mode present is that corresponding to a low molecular 
weight set of chains. A second mode intervenes as the polymerisation proceeds, and higher 
molecular weight chains start to form. The latter mode becomes increasingly pronounced and 
eventually prevails over the first process, which appears to significantly slow down or even 
stop. Blank runs ([styrene]/[V-70] = 200/1, 2 h, 120 
o
C) gave a comparable outcome and a 
similar bimodal development of the GPC traces. Lowering the temperature to 70 
o
C and/or 
increasing the loading of trapping species slightly improved the level of control and resulted 
in lower PDI values and convergence of the two modes of the GPC traces into one. At 70 
o
C, 
however, the polymerisation proceeded extremely slowly (effectively ceased) after reaching 
about 30 % conversion, regardless of the metal complex loading. A summary of these results 
is presented in Table 2.3.  
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Table 2.3  Polymerisation of styrene under OMRP conditions in the presence of 3. 
 [styrene]/[3]/[V-70] T (
o
C) Time (h) Conv. (%)
a
 Mn
b
 Mn,th PDI
b
 
200/0/1 120 2 58 14800* 12100 5.07 
200/1/1 120 3.5 71 14200* 14700 4.08 
200/2/1 120 19 79 13300** 16500 2.85 
200/0/1 70 74 46 18700** 9600 8.81 
200/1/1 70 1 26 5500** 5300 2.86 
200/2/1 70 1 26 4800** 5300 2.61 
a
 determined by 
1
H NMR in CDCl3; 
b
 determined by GPC in CHCl3; *bimodal; **near-monomodal. 
 
  Despite the similarities between experiments run with and without trapping agent, it should 
be noted that blank runs showed deviations from calculated molecular weight at high 
conversions and gave significantly higher PDIs. To some extent, the Fe(II) complex does 
appear to play a role in the process, although its involvement is ill-defined and ineffective at 
achieving controlled growth of the polymer chains. It is interesting to note that complexes 1 
and 2 do not promote CCT under these conditions; it is evident that these are not 
conventional chain transfer catalysts and that CCT only occurs within the ATRP process.  
 
2.3  Conclusions 
  The bis(R-imino)acenaphthene iron(II) dichloride complexes 1-5 [where 
R
[N,N] = 
RN=C(An)-C(An)=NR, An = acenaphthene and R = 2,6-diisopropyl-phenyl (DiPP), mesityl 
(Mes), tert-butyl (
t
Bu), cyclohexyl (Cy), adamantyl (Ad)] were synthesised by stirring 
equimolar amounts of FeCl2(THF)1.5 and the relevant acenaphthene α-diimine ligand in 
dichloromethane. The pure complexes were isolated by precipitation and fully characterised 
to confirm the successful formation of the four-coordinate distorted tetrahedral species. In the 
case of phenyl-substituted compound L3, X-ray structure analysis revealed the formation of a 
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bis-chelate, six-coordinated complex (6). All compounds act as catalysts in the radical 
polymerisation of styrene. Whilst those with a N-aryl substituted ligand (1-2) behave as CCT 
catalysts, the complexes bearing alkyl substituents (3-5) operate via a quasi-ATRP 
mechanism. In the presence of the latter, molecular weights are closer to the theoretical 
values and molecular weight distributions are narrower, showing a diminished chain transfer 
contribution with respect to their aryl-substituted counterparts. Complex 6 also showed CCT 
activity, suggesting the presence of the active mono-chelate species in solution. End group 
analysis of the purified polymer, performed by 
1
H NMR and COSY, supported these 
observations, showing a significant decrease of the proportion of chlorine-terminated chains 
with increase in conversion for catalysts 1 and 2.  
  Doubling the catalyst loading did not result in a change of apparent reaction rate or final 
molecular weights for catalysts 1 and 2, whereas in the case of 3 and 4 rates doubled, in 
agreement with the kinetic law for ATRP. The effect of increasing the amount of monomer 
was found to depend on the degree of CCT contribution, and Mayo plots for catalysts 1-3 
allowed for a quantitative measure of the catalysts’ chain transfer ability.  
  In the polymerisation of MMA under ATRP conditions it was shown that the level of 
control, if not optimised, can be improved by a judicious choice of the organic halide. The 
reactive TosCl performed the best, providing the most efficient initiation.  
  In the bulk polymerisation of styrene under OMRP conditions, the degree of control over 
the reaction outcome was somewhat improved in the presence of the R-BIAN Fe(II) 
complexes, though molecular weight distributions were broad and the bimodality of the 
process never disappeared completely upon optimisation of the reaction conditions. The lack 
of chain transfer for complexes 1 and 2 shows that, in this system, CCT only operates within 
the ATRP mechanism. 
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  The α-diimine iron system appears to be very sensitive to minor changes of the ligand 
framework, and its research potential is still substantial. Further electronic and steric tuning 
may eventually allow us to manoeuvre the system towards either mechanism under milder 
conditions and with lower catalyst loadings. Finally, despite the unpromising results 
presented here, the potential of this type of complexes as OMRP trapping agents for styrene 
and other monomers should not be underestimated. 
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Chapter 3 
 
 
R-BIAN Fe(III) complexes:  
correlation between spin state and 
polymerisation activity  
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3.1  Introduction 
  In a conventional ATRP system, the halogen atom generated by the homolytic dissociation 
of an organic halide is reversibly exchanged between a transition metal complex and a 
propagating radical, forming, respectively, the oxidised metal halide and a dormant, halogen-
capped polymer chain. Matyjaszewski and co-workers successfully approached the ATRP 
equilibrium by forming the transition metal activator in situ, in what was termed „reverse 
ATRP‟.[1, 2] 
In reverse ATRP, the propagating radicals are generated by a conventional initiator, such as 
an azo compound or a peroxide, and deactivated by an added transition metal halide (Scheme 
3.1). The initiator can also abstract the halogen atom from the catalyst to form the reduced 
metal complex and an alkyl halide, which can then dissociate as in the classical ATRP 
initiation step. In copper systems, a clear advantage of reverse ATRP over the direct approach 
is the use of the more stable Cu(II) species. On the other hand, the choice of α-functionality 
of the polymer chains is limited to the alkyl residues of standard initiators and thus restricts 
the topology of the polymers that can be prepared to linear.  
 
 
Scheme 3.1  Mechanism of reverse ATRP with an azo initiator. The species in red constitute the initial system 
components. 
 
  Although Cu(II) systems are by far the most numerous,
[1-7]
 several iron-based systems have 
also been successfully employed to mediate the reverse ATRP of various monomers. One of 
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the most commonly used, based on FeCl3 and PPh3, is known to effectively control the 
polymerisation of both styrene
[8]
 and MMA.
[9, 10]
 FeCl3 was also used in conjunction with 
ligands such as pyromellitic and picolinic acid for the polymerisation of MMA,
[11, 12]
 whereas 
FeBr3 was combined with bulky counter-ions such as tertbutylammonium and 
tetrabutylphosphinium for the reverse ATRP of MMA and MA.
[13]
 
  Relevant to the work described in this thesis, the α-diimine complexes depicted in Figure 
3.1 have previously been tested as catalysts in the reverse ATRP of styrene and MMA.
[14]
 N-
alkyl substituted compounds I and II were effective at mediating the ATRP equilibrium, 
providing good molecular weight control and reasonably low PDIs (1.3-1.5). Conversely, N-
aryl derivatives III and IV were found to favour chain termination by CCT, yielding 
oligomers with unsaturated end groups and broader molecular weight distributions (1.7-1.9). 
These results mirror those observed in conventional ATRP with the dichloride analogues 
reviewed in the introduction to Chapter 2. 
 
 
Figure 3.1  α-Diimine catalysts previously employed in the reverse ATRP of styrene and MMA. 
 
  Subsequent studies on complexes bearing para-substituted phenyl groups on the ligand 
backbone (Figure 3.2) focussed on the understanding of the link between the electronic 
properties of the metal catalysts and their reactivity in radical polymerisation reactions.
[15, 16]
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Figure 3.2  α-Diimine Fe(III) complexes previously studied to elucidate the correlation between spin state and 
polymerisation reactivity. 
 
  The solution spin state of these compounds was determined by the Evans‟ method, while 
measurements in the solid state were carried out by both Mössbauer spectroscopy and 
SQUID magnetometry. While complexes bearing electron-withdrawing substituents (V-XII) 
were found to have an intermediate spin state (S = 3/2), the two species bearing the electron-
donating NMe2 group on the phenyl ring have a high spin (S = 5/2) iron centre. On the other 
hand, intermediate magnetic moment values indicated an admixed spin state for compounds 
XIII and XIV. A more detailed account of the magnetic properties of iron(III) complexes is 
given in Section 3.2.1. 
  The tripartition highlighted in Figure 3.2 also applies to the catalytic behaviour of the 
corresponding Fe(II) complexes reviewed in Chapter 2, with lower spin states reflecting 
increased CCT contribution. While electron-donating substituents seem to give rise to high 
spin ATRP catalysts, electron-withdrawing groups result in lower spin states and a shift 
towards the CCT mechanism.  
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  The proposed mechanistic interplay between ATRP, CCT and OMRP for α-diimine iron(II) 
systems is illustrated in Scheme 3.2. The relative position of the different equilibria was 
related to the propensity of the complex to form an alkyl or a halide species. The terms 
“halogenophilicity” and “carbophilicity” have been used to indicate the relative degree of 
affinity between the metal centre and a halogen or carbon atom, respectively.
[17, 18]
 
 
 
Scheme 3.2  Possible mechanistic interplay for an α-diimine Fe(II) system set up under ATRP conditions. 
 
  According to this scheme, there are two pathways though which the olefin-terminated CCT 
product may be formed. One is the direct hydrogen transfer route widely believed to 
dominate in cobalt(II) porphyrin and cobaloxime systems.
[19-22]
 In this process, the complex 
abstracts a hydrogen atom from a growing radical species to form an olefin terminated 
polymer chain and a metal hydride, which is then able to initiate the polymerisation of a 
monomer molecule. In the second route, the metal centre coordinatively binds to a growing 
polymer chain and undergoes β-H elimination in a subsequent step. This latter process, 
although not ruled out in cobalt systems, is deemed unlikely.
[21, 23]
 It was however proposed 
as the main termination process in chain transfer processes catalysed by α-diimine iron(II) 
complexes.
[15]
 The evidence to support this hypothesis is circumstantial. In one experiment, 
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the decomposition products of the reaction between a series of Fe(III) complexes and 
BnMgCl were monitored by GC.
[17]
 Although the organometallic complex could not be 
characterised or isolated, its formation was hypothesised by the fact that bibenzyl formation 
was observed upon quenching the mixture with water. The higher amount of coupling 
product produced by intermediate spin state species compared to high spin ones led the 
authors to conclude that the former indeed form an organometallic complex, and thus have a 
higher carbophilicity. In an attempt to reproduce the unsaturated end groups formed in 
polystyrene by CCT events, the iron(III) species were also reacted with (1-phenylethyl)MgCl. 
In this case, both direct abstraction and β-H elimination would result in the formation of 
styrene from the 1-phenylethyl radical. Although the amount of styrene formed was very low 
(6-9 %), it did not increase upon addition to the reaction mixture of the relevant Fe(II) 
dichloride complex. Some of these experiments were repeated for the complexes studied in 
this chapter, and are presented in Section 3.2.2.  
  Another argument for the possible prevalence of a β-elimination mechanism was based on a 
study on the Fe(II) analogues.
[15]
 When doubling the amount of metal catalyst with respect to 
alkyl halide in the ATRP of styrene, the apparent polymerisation rate doubled even for the 
catalysts strongly favouring the CCT mechanism. As in conventional chain transfer systems 
the rate should remain constant, the authors concluded that α-diimine iron catalysts do not 
operate by a classical CCT mechanism. This last remark has however been refuted by similar 
experiments with R-BIAN Fe(II) CCT catalysts presented in this thesis (Chapter 2, Section 
2.2.3), in which the polymerisation rate was shown to be unaffected by the amount of 
complex added.            
  In this chapter, the synthesis, characterisation and polymerisation activity of novel R-BIAN 
iron(III) trichloride complexes is presented. Particular attention is devoted to the relationship 
between the spin state and catalytic behaviour of these species. 
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3.2  Results and discussion 
3.2.1  R-BIAN Fe(III) complexes: synthesis of 7-11 
  The R-BIAN Fe(III) trichloride complexes 7-11 [where R = 2,6-diisopropyl-phenyl (DiPP), 
mesityl (Mes), tert-butyl (
t
Bu), cyclohexyl (Cy), adamantyl (Ad)] were prepared by stirring 
equimolar amounts of the relevant α-diimine ligand (L1, L2, L4-L6) and FeCl3 in 
dichloromethane (Scheme 3.3). Special precautions, such as protecting the reaction flask 
from light, stirring the mixture for no longer than 1 h and keeping the scale down to 0.6 
mmol, were taken because of the high instability of these compounds. After solvent removal 
and three washes of the residue with dry pentane, the solids were dried under vacuum and 
stored in a glovebox in the dark at -30 
o
C. The complexes were isolated as brown (7, 8) or 
green (9-11) solids in moderate to good yields (48-82 %). 
  
 
Scheme 3.3  Synthesis of complexes 7-11. 
 
  All five complexes were characterised by FAB mass spectroscopy, elemental analysis and 
magnetic susceptibility measurement techniques (vide infra). Because of the shortening of the 
spin-spin relaxation time T2 of the ligand nuclei below the NMR timescale caused by the 
paramagnetic iron(III) centre, no meaningful 
1
H NMR spectra could be obtained for 7-11. 
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  This type of compounds is extremely sensitive to air and moisture, as well as to light, and 
the propensity for disproportionation and decomposition reaction has been documented for 
similar complexes.
[15]
 Only a handful of examples of crystallographically characterised five-
coordinate iron trichloride complexes with nitrogen donors exist in the literature,
[24, 25]
 and 
only one X-ray structure of an α-diimine iron trichloride species has been previously 
reported.
[16]
  
  Crystals of 8 suitable for X-ray structure determination were grown from CH2Cl2/pentane. 
The structure shown in Figure 3.3 was resolved after a 404-hour data collection. 
 
 
Figure 3.3  Crystal structure of complex 8. 
 
  The sample was growth-twinned, with disordered chlorine atoms and an apparent reflection 
about a molecular mirror plane through the ligand (Figure 3.4). The occupancies of the 
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two orientations are both about 50%. It should be noted that this effect could be distorting the 
ligand geometry, and what appears to be planar may therefore be actually slightly twisted. 
 
 
 
 
Figure 3.4  Apparent mirroring through the ligand plane due to the disordered Cl(2) and Cl(3) atoms. 
 
  The molecular structure is however very strongly believed to be as depicted in Figure 2.8, 
and the conformation, particularly of the ligand, is most probably as shown. According to 
computational studies previously carried out for similar α-diimine iron(III) complexes, the 
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geometry of an intermediate spin Fe(III) species is expected to be distorted square pyramidal, 
whereas a high spin metal centre should adopt a distorted trigonal bipyramidal 
conformation.
[18]
 Indeed, the reported crystal structure of the high spin, ATRP-active catalyst 
1,4-(tert-butyl)diaza-1,3-butadiene
 
Fe(III) trichloride (II) was found to have a distorted 
trigonal bipyramidal coordination around the metal centre. Although it should also be the 
case here, no reliable bond length and angle values are available from which conclusions 
about the correlation between geometry and spin state can be drawn. 
  Pentacoordinate iron(III) complexes can exist in the discrete spin states S = 5/2, high spin, S 
= 3/2, intermediate spin, or S = 1/2, low spin. Although high and low spin complexes are 
most common, a number of both distorted square pyramidal
[26-28]
 and distorted trigonal 
bipyramidal
[29, 30]
 species have been shown to have an intermediate spin state.  
  There may be a thermal equilibrium between two of these spin states (spin crossover) and/or 
quantum mechanical mixing of them (spin admixture).
[31]
 In the first case, the molecules have 
two distinguishable, magnetically pure spin states. Some iron(III) porphyrinates were shown 
to undergo spin crossover upon heating, pressure increase or photoirradiation.
[32]
 While 
crossover between low (S =1/2) and high (S =5/2) spin states has been widely studied,
[33-36]
 
cases of the same phenomenon between either low or high and intermediate (S = 3/2) spin 
states are rare.
[37, 38]
 In contrast, the magnetic properties of a spin admixed system differ from 
those corresponding to either of the pure states, and are the same for all molecules. Admixing 
can only occur when the separation energy between the unperturbed, pure spin states is 
comparable to or less than the spin-orbit coupling constant.
[39]
 Spin admixtures have been 
observed for a number of iron(III) porphyrins
[32, 40-42]
 and phthalocyanins,
[43]
 as well as for the 
square planar species [Fe(C6Cl5)4]
-
.
[44]
 
  The solution spin state of complexes 7-11 was determined by the Evans 
1
H NMR method, 
which exploits the shifting effect of the paramagnetic metal centre on the signal of a common 
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solvent. The solvent combination of choice was CH2Cl2/CDCl3 (Table 3.1); the obtained 
magnetic moment values were nonetheless confirmed by additional measurements in the 
halogen-free solvent mixture cyclohexane/d8-THF. 
 
Table 3.1  Magnetic susceptibility measurements for complexes 7-11. 
Complex R
a μeff (BM)
b 
Unpaired Electrons
 b
 Spin State
 
 
7 DiPP 5.91 5 High 
8 Mes 5.89 5 High 
9 
t
Bu 4.92 3/5 Spin admixture 
10 Cy 4.95 3/5 Spin admixture 
11 Ad 4.83 3/5 Spin admixture 
a
 R = N-substituent; 
b
calculated as described in Chapter 6, average of 10 measurements. 
 
  A quantum mechanically admixed spin state with both S = 5/2 and S = 3/2 character was 
found for the alkyl substituted complexes 9-11. As mentioned above, this is not without 
precedents for iron, as several Fe(III) porphyrins having a spin-admixed 5/2, 3/2 state are 
known.
[40, 45-47]
 The analogous quasi-ATRP α-diimine catalysts XIII and XIV (see Section 
3.1) were also proposed to have similarly admixed spin states.
[15]
 On the other hand, the 
measured magnetic moment for the N-aryl substituted complexes is in contradiction with 
previously reported intermediate spin state α-diimine iron CCT catalysts.[15, 16] Solid state 
measurements obtained on a magnetic susceptibility balance agreed in all cases with the 
solution values listed in Table 3.1. 
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3.2.2  Alkylation of Fe(III) complexes  
  The stability of the alkylated complexes was investigated in order to assess the relative 
carbo-/halogenophilicity of differently substituted Fe(III) complexes, as these have 
previously been shown to correlate to polymerisation reactivity.
[18]
  
 
 
Scheme 3.4  Proposed formation and decomposition of R-BIAN Fe(III) alkyls. 
 
  Complexes 7 and 9 were reacted with one molar equivalent of BnMgCl in THF at -78 
o
C. 
The solution was then allowed to warm to room temperature and samples were taken at 
regular intervals. The aliquots were rapidly quenched with distilled water, and the 
decomposition product distribution was monitored by gas chromatography (Scheme 3.4). The 
ratio of the two main decomposition products, toluene and bibenzyl, was then plotted against 
the temperature (Figure 3.5). A benchmark run with complex IV is included for comparison. 
  A [bibenzyl]/[toluene] ratio larger than unity means that bibenzyl is the major 
decomposition product and that most of the alkyl complex decomposes rapidly in solution. 
Conversely, a ratio of less than 1 means that toluene, which is formed by protonolysis upon 
quenching, is the major decomposition product. Assuming there is no unreacted Grignard 
reagent left in solution, this indicates improved stability of the alkyl species.  
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Figure 3.5  Ratio of the GC signals for bibenzyl and toluene arising from the decomposition products of the 
reaction between BnMgCl and  7 (■), 9 (●) and IV (▲). 
 
  As mentioned in the introductory section of this chapter, this experiment was previously 
carried out in our group with the related N-substituted 1,4-diaza-1,3-butadiene
 
Fe(III) 
trichloride complexes I and IV.
[17, 18]
 In these experiments, the ratio of the integrated GC 
peaks corresponding to the two decomposition products showed a sharp increase from 0.2 to 
5.5 upon warming of the reaction mixture from -78 
o
C to 100 
o
C with IV, whereas remained 
constant at about 7.5 up to over 100 
o
C in the case of compound I (different results were 
obtained in this study, vide infra). The N-aryl substituted, CCT-promoting catalyst IV was 
thus thought to be more carbophilic and form a more stable Fe(III) alkyl at low temperatures, 
whereas the alkyl-substituted, ATRP-behaving catalyst I was said to be less carbophilic, not 
forming a stable Fe(III) alkyl even at low temperatures. 
  The results presented in Figure 3.5 do not support what was previously reported; the ratios 
remained constant and no sudden changes were observed for any of the complexes, indicating 
a constant degree of stability of the benzyl species over the chosen temperature range. A 
difference was nonetheless observed between the N-aromatic 7 and N-aliphatic 9, the solution 
of the latter generating more bibenzyl upon quenching. Assuming the reactivity towards 
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BnMgCl is the same for both complexes, this may indicate a higher degree of Fe(III)-benzyl 
homolytic dissociation and coupling of the benzyl radicals in solution. In both cases, the 
amount of toluene remains detectable throughout, indicating the presence of a small fraction 
of undissociated alkyl-magnesium/alkyl-iron species (4-8 %). A repeat of the experiment 
with compound IV also gave a constant product distribution, although the lower ratio 
indicated a more significant fraction of alkylated complex/unreacted BnMgCl in solution 
(~35 %). Attempts to characterise or isolate the benzylated Fe(III) species from the reaction 
mixture were unsuccessful; their formation is therefore only hypothesised and cannot be 
supported by conclusive evidence. 
 
3.2.3  Styrene polymerisation under reverse ATRP conditions 
  In reverse ATRP, the activating species is formed in situ from the transition metal complex 
in its higher oxidation state and a conventional azo initiator (Scheme 3.5).  
 
 
Scheme 3.5  Reverse approach to atom transfer radical polymerisation for R-BIAN Fe(III) complexes (m = 
monomer, I = radical initiator). 
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  This approach was first developed for systems in which the stability of the chain activating 
catalyst is lower than that of its oxidised counterpart.
[3, 4, 9]
 Although it is not the case here, 
experiments were carried out to verify the efficiency of the oxidised complex in the reverse 
process, as well as to provide additional evidence for the successful synthesis of the iron(III) 
complexes. Catalysts 7-9 were tested in the reverse ATRP of styrene (200 eq., bulk) at 120 
o
C, with one molar equivalent of 2,2'-Azobis(4-methoxy-2.4-dimethyl valeronitrile) (V-70) as 
the radical initiator. The results are summarised in Table 3.2. 
 
Table 3.2  Reverse ATRP results for catalysts 7-9. 
Catalyst R
a
 Time (h) Conv. (%)
b
 kobs (h
-1
) Mn
c
 Mn,th
c
 Mw/Mn
c
 
7 DiPP 28.5 49 0.017 2600 10200 1.85 
8 Mes 29 57 0.022 3900 11900 1.72 
9 
t
Bu 29 66 0.022 9100 13700  2.26 
a
 R = N-substituent; 
b
 determined by 
1
H NMR in CDCl3; 
c
 determined by GPC in CHCl3. 
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Figure 3.6  Plot of the logarithm of conversion v. time for the polymerisation of styrene carried out at 120 
o
C, 
with [styrene]/[cat]/[V-70] = 200/1/1; cat = 7 (■), 8 (▲), 9 (♦). 
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Figure 3.7  Plot of molecular weight v. conversion (full symbols) and evolution of PDI values (empty symbols) 
for the polymerisation of styrene carried out at 120 
o
C, with [styrene]/[cat]/[V-70] = 200/1/1; cat = 7 (■, □), 8 
(▲, Δ), 9 (♦, ◊). The solid line represents Mn,th. 
 
  The kinetic plots for conversion and molecular weight (Figures 3.6 and 3.7) show very 
similar rates, molecular weight evolutions and polydispersity values to those observed under 
standard ATRP conditions (see Figures 2.12-2.14 and 2.16). The only significant difference 
from the polymerisation data presented in Chapter 2 can be seen in the plots of conversion v. 
time. The linear increase indicates a well controlled process and a constant concentration of 
radical species throughout the process. The extrapolated linear relationship, however, does 
not intercept the axes origin, indicating poorer control in the early stages of the 
polymerisation. This deviation is particularly pronounced with catalyst 9, and is probably the 
result of less efficient initiation and trapping of the newly formed propagating radicals. 
 
3.2.4  Study on benzylimine Fe(III) complexes 
  According to previously reported results, the mechanistic behaviour of α-diimine Fe(II) 
catalysts in the controlled radical polymerisation of styrene is related to the spin state of the 
corresponding Fe(III) species.
[18]
 For 1,4-(R-diaza)-1,3-butadiene Fe(III) trichloride 
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complexes [where R = 2,6-diisopropyl-phenyl (IV), mesityl (III), tert-butyl (II), cyclohexyl 
(I)], an intermediate spin-state value was found for the Fe(III) analogues of CCT catalysts 
(III and IV), whereas ATRP catalysts I and II had a high spin Fe(III) counterpart.
[14, 18]
 
Similar observations were reported for complexes bearing a substituted phenyl backbone.
[15]
 
For R-BIAN Fe(II) complexes [where R = 2,6-diisopropyl-phenyl (1), mesityl (2), tert-butyl 
(3), cyclohexyl (4), adamantyl (5)], on the other hand, N-aryl substituted CCT catalysts (1 
and 2) and N-alkyl substituted ATRP ones (3-5) were found to have, respectively, high and 
admixed spin Fe(III) analogues (see Chapter 2).  
  Due to their high instability, only three of this type of Fe(III) complexes were successfully 
characterised by X-ray diffraction (Figure 3.8). Two of them, namely Mes-BIAN Fe(III) 
trichloride (8) and 1,4-(tert-butyl)diaza-1,3-butadiene
 
Fe(III) trichloride (II),
[16]
 were high 
spin, pentacoordinated species, with the diimine ligand binding to the metal centre in a 
bidentate fashion. In the case of the intermediate spin-state complex XIII, however, only one 
nitrogen atom was found to be bound to the iron centre, resulting in a distorted tetrahedral 
arrangement.
[48]
 These results suggest there may be a link between the spin state of the 
iron(III) complex and the coordination mode of the imine ligand. Two monodentate 
benzylimine Fe(III) complexes were prepared and characterised in an attempt to explain the 
observed spin state in terms of denticity and rationalise the incongruities observed so far. 
 
 
Figure 3.8  Available crystal structures of α-diimine Fe(III) trichloride complexes. 
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3.2.4.1  Synthesis of complexes 12 and 13 
  Benzylimine pro-ligands L7 and L8 were readily prepared by reacting benzaldehyde with 
the relevant primary amine in dichloromethane, using magnesium sulphate as a drying agent 
(Scheme 2.1).
[49]
 Compound L7 was isolated as a light yellow oil, whereas the crude L8 was 
washed with cold pentane to yield 58% of a yellow solid. In order to prepare the iron(III) 
species 12 and 13, the purified ligands were reacted with one molar equivalent of anhydrous 
FeCl3 in dichloromethane at room temperature (Scheme 3.6). A change in colour was 
observed almost immediately, and after one hour the complexes were precipitated with 
pentane.  
 
 
Scheme 3.6  Synthesis of complexes 12 and 13. 
 
  Complex 12 was isolated as a bright orange microcrystalline solid in a good yield (76%) 
and, according to elemental analysis data, a good degree of purity. In the case of 13, a dark 
red oil formed upon precipitation with pentane. The oily complex could be dried into a solid 
for storage, though would liquefy in recrystallisation attempts. Solution magnetic moment 
measurements by the Evans‟ NMR method for complexes 12 and 13 gave, respectively, μeff = 
4.76 and 4.81, which correspond to spin admixtures. These values do not endorse the 
hypothesis of a link between denticity of the imine ligand and spin state of the iron(III) 
complex. 
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  As far as other characterisation techniques are concerned, only the ligand peak could be 
identified in the FAB mass spectrum, and 
1
H NMR signals were too broad to provide 
meaningful information. Yellow block-shaped crystals suitable for X-ray analysis were 
grown from a solution of 12 in CH2Cl2/pentane (Figure 3.9).  
 
 
Figure 3.9  The molecular structure of the decomposition product of compound 12. 
 
  As the presence of this side-product in the original sample is not supported by elemental 
analysis and mass spectrometry data, decomposition is thought to occur in solution, prior to 
crystal growth. 
 
3.2.4.2  Styrene polymerisation 
  Complexes 12 and 13 were tested in the bulk radical polymerisation of styrene under reverse 
ATRP conditions at 120 
o
C. A solution of 0.5 % mol of catalyst and 0.5 % mol of the radical 
initiator V-70 in styrene was stirred in a sand bath at 120 
o
C, with aliquots taken at regular 
intervals. Each sample was analysed by 
1
H NMR and GPC to obtain, respectively, conversion 
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and molecular weight data. The results are plotted in Figures 3.10-3.13 and are summarised 
in Table 3.3.  
 
Table 3.3  Results for the reverse ATRP of styrene with [styrene]/[cat]/[V-70] = 200/1/1 at 120 
o
C. 
 
Catalyst Time (h) Conv. (%)
a 
kobs (h
-1
) Mn
b 
Mn,th
b
 PDI
b
 
FeCl3 5 68 0.189 1200 14200 4.25 
12 28 88 0.074 16000 18300 1.70 
13 15 82 0.107 11600 17100 1.69 
a
 determined by 
1
H NMR in CDCl3; 
b
 determined by GPC in CHCl3. 
 
  As can be seen from the kinetic plots in Figures 3.10 and 3.11, the process mediated by 12 
was relatively well controlled, with conversions increasing linearly with time and molecular 
weights very close to the values expected for one polymer chain per metal centre. 
Polydispersity indices were comparable to other reverse ATRP systems (1.53-1.85). 
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Figure 3.10  Plot of the increase in the logarithm of conversion v. time for the bulk ATRP of styrene at 120 
o
C 
in the presence of 12, [styrene]/[12]/[V-70] = 200/1/1. 
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Figure 3.11  Plot of the molecular weight increase with conversion (♦) and polydispersity values (◊) for the bulk 
ATRP of styrene at 120 
o
C in the presence of 12, [styrene]/[12]/[V-70] = 200/1/1. 
 The straight line corresponds to Mn,th. 
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Figure 3.12  Plot of the increase in the logarithm of conversion v. time for the bulk radical polymerisation of 
styrene at 120 
o
C in the presence of 13, [styrene]/[13]/[V-70] = 200/1/1. 
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Figure 3.13  Plot of the molecular weight increase with conversion (♦) and polydispersity values (◊) for the bulk 
radical polymerisation of styrene at 120 
o
C in the presence of 13, [styrene]/[13]/[V-70] = 200/1/1. The straight 
line corresponds to Mn,th. 
 
  Compared to what observed for catalyst 12, the presence of the electron-donating NMe2 
substituent in 13 resulted in a significantly faster process, with kobs = 0.107 h
-1 
(Figure 3.12). 
Polydispersities were in this case slightly higher (2.2 to 1.7 at 82 % conversion), and 
molecular weights were slightly but consistently below the calculated values (Figure 3.13). 
Hence, while the ATRP equilibrium clearly dominated the polymerisation mediated by 12, 
the lower molecular weights and larger PDIs obtained with 13 suggest some degree of CCT 
contribution. On the whole, however, the tendency of these complexes to favour halogen 
exchange over CCT termination supports the correlation between ATRP mechanism and 
admixed spin state observed for catalysts 3-5 and 9-11.  
 
3.3  Conclusions 
  In Chapter 2, it was shown that the reactivity of R-BIAN iron(II) complexes 1-6 in the
 
ATRP of styrene depends on the nature of the imine substituent. Whilst those with an N-aryl 
substituted ligand (R = DiPP, Mes, Ph) behaved as CCT catalysts, the complexes bearing 
alkyl substituents (R = 
t
Bu, Cy, Ad) operated via a quasi-ATRP mechanism. A similar 
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mechanistic shift for α-diimine iron systems has been previously shown to be related to the 
spin state of the Fe(III) deactivating species; CCT and ATRP behaving catalysts were found 
to have intermediate and high spin state, respectively.
[18]
 In order to investigate the possible 
extension of this correlation to the R-BIAN iron system, the corresponding Fe(III) complexes 
were synthesised, characterised and screened for the reversible ATRP of styrene. It was 
found that while the aryl-substituted deactivators exhibit a high spin state (S = 5/2), alkyl-
substituted ones have a quantum-mechanically admixed spin state.  
  The relative carbophilicity of the Fe(III) complexes was assessed by monitoring the 
decomposition products of the benzyl dichloride analogues of 7 and 9 by GC. Although 
bibenzyl was found to be the major product in both cases, the amount of toluene formed upon 
quenching was greater in the case of R = Dipp, suggesting a higher concentration of the 
alkylated complex in solution and thus higher carbophilicity of the metal centre for 7.  
  Experiments set up under reverse ATRP conditions showed very similar polymerisation 
behaviours to those seen in the standard, Fe(II) catalysed process, with the exception of a 
somewhat poorer degree of control in the very early stages of the process.  
  In an attempt to link the ligand denticity to the spin state of imine iron(III)  compounds, two 
phenylimine ligands (L7-L8) were synthesised and reacted with anhydrous FeCl3 to obtain 
the corresponding Fe(III) trichloride complexes 12 and 13. While a complete characterisation 
proved impossible, a reasonable amount of evidence could be obtained to support the 
formation of monomeric, four-coordinated species. Magnetic moment measurements revealed 
admixed spin states for both compounds and thus do not endorse the hypothesis of a link 
between denticity of the imine ligand and spin state of the iron(III) complex. Styrene 
polymerisation experiments showed that complexes 12 and 13 are effective catalysts in the 
reverse ATRP of styrene. The presence of electron-donating NMe2 substituents in the para 
position of the phenyl rings resulted in a considerably faster process for complex 13, although 
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molecular weights were consistently below the theoretical values. While the ATRP 
equilibrium clearly dominated the polymerisation mediated by 12, the lower molecular 
weights obtained with 13 suggest some degree of CCT contribution.    
  The synthesis and screening in the bulk polymerisation of styrene under reverse ATRP 
conditions of an N-aryl benzylimine iron(III) derivative could be of interest, as a switch to the 
CCT mechanism would support the trends observed so far for the bidentate analogues. 
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Chapter 4 
 
 
Bis-salicylaldimino Cr(II) complexes for 
controlled radical polymerisation: 
activity and vinyl acetate isomerisation 
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4.1  Introduction 
  Polar vinyl monomers such as vinyl acetate and vinyl chloride form radicals which are not 
stabilised by resonance, and are consequently highly reactive and prone to undergo 
termination or chain transfer side reactions. In some cases, this instability results in the 
polymerisation-inhibiting, irreversible formation of strong bonds with the radical trap.
[1]
 
Substantial effort has been devoted to the development of systems capable of controlling the 
radical polymerisation of vinyl acetate, of interest because of the facile conversion of its 
polymer to the water-soluble, biocompatible poly(vinyl alcohol). Various degrees of success 
were achieved with techniques such as RAFT/MADIX,
[2-11]
 ITP,
[12-14]
 and SBRP (Figure 
4.1).
[15-17]
  
 
 
Figure 4.1  Examples of active complexes for the CRP of vinyl acetate. 
 
  A handful of ATRP systems have been reported to polymerise vinyl acetate in a controlled 
manner (Figure 4.2).
[18-22]
 Some of these are however initiated by DT-prone alkyl iodides and 
thus imply a contribution from an iodine-exchange mechanism. A moderate degree of control 
was achieved using the cationic ruthenium species [Ru(η6-C6H6)(dmba)(NCMe)]PF6 (dmba = 
N,N-dimethylbenzylamine) with CCl4 as the initiating halide.
[18]
 The same initiator employed 
with Cu(I)/phosphines provided poor control, producing poly(vinyl acetate) only up to 50 % 
conversion and with final molecular weight distributions of about 4.
[23]
 The copper(I) system 
based on a cuprous halide (CuCl or CuBr), 2,2’:6’,2’’ terpyridine and ethyl 2-
bromoisobutyrate as the initiator performed better, inducing a linear increase of the molecular 
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weights with conversion.
[19]
 Kamigaito and co-workers reported the successful ATRP of 
vinyl acetate initiated by dissociation of the dimeric species Mn2(CO)10, coupled with an 
alkyl iodide initiator.
[20]
 Photochemical and thermal homolysis of the metal-metal bond 
produced the highly reactive, metal-centered radical 
.
Mn(CO)5, which promoted a fast 
polymerisation, yielding high molecular weight poly(vinyl acetate) with relatively small 
polydispersities (1.75-1.95). Another example of a successful ATRP/ITP system is 
Sawamoto’s [CpFe(CO)2]2 in combination with the iodide initiator (CH3)2C(CO2Et)I.
[22]
 
  Several ATRP systems were coupled to reversible exchange methods in the block co-
polymerisation of vinyl acetate with (meth)acrylates or styrene, although ATRP is in this case 
used to polymerise the co-monomer onto poly(vinyl acetate) macromonomers prepared by 
DT/RAFT.
[24-32]
 
 
 
Figure 4.2  Examples of catalysts employed in the ATRP of vinyl acetate. 
 
  Much effort is currently being invested in the development of successful CMRP/OMRP 
systems for this type of monomer. In 2005, commercially available cobalt(II) acetate was 
found to provide excellent control over the radical polymerisation of vinyl acetate, yielding 
well-defined polymers with PDI values as low as 1.2.
[33]
 Originally reported as CMRP, this 
system was later proposed to operate mainly by a degenerative transfer mechanism, with 
OMRP playing only a minor role in the polymerisation.
[34]
 The contribution of the latter 
could be enhanced by the addition of electron donors such as pyridine, which acts by 
blocking one of the two coordination sites required for associative degenerative exchange to 
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take place. These experiments resulted in a lower degree of control over the polymerisation 
reaction, as well as the disappearance of the previously observed induction time. 
  Controlled radical polymerisation mediated by cobalt(II) porphyrins, which had long been 
restricted to acrylic monomers, was recently extended to vinyl acetate. Polymerisation 
initiated by cobalt(II) tetramesityl porphirin and AIBN/V-70 showed living character at 
conversions up to 20 %, with a linear increase in molecular weight and low polydispersities 
(1.1-1.2).
[35]
 The deviation from a controlled process at higher conversions was ascribed to 
radical termination and chain transfer events. Mechanistic studies showed that the cobalt(II) 
complex acts as a transfer agent, promoting associative degenerative exchange. 
  The mechanistic pathways available to polymer-bound cobalt(III) complexes are shown in 
Scheme 4.1. 
 
 
Scheme 4.1  Interplay of the degenerative transfer and reversible trapping mechanisms for cobalt systems. 
 
  Once the cobalt(II) complex has been converted into the oxidised organometallic species, 
the latter can either dissociate reversibly and establish an OMRP equilibrium or undergo a 
quick exchange between two growing polymer chains by an associative or dissociative route. 
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The difference between the two pathways is primarily kinetic: while the reversible trapping 
process has to be slow and strongly favour the dormant species, the reversible exchange 
mechanism, which relies on the transfer of reactivity from one chain to another, should be as 
rapid as possible to ensure the radical concentration at any one time is kept low. 
  In a recent report by Poli et al., the β-diketiminato Cr(II) complexes shown in Figure 4.3 
were found to control the radical polymerisation of vinyl acetate by the reversible formation 
of a dormant organometallic species, in what is the first example of a chromium-based 
OMRP process.
[36]
  
 
 
Figure 4.3  Cr(II) β-diketiminato OMRP trapping species for vinyl acetate 
 
According to this study, complex II was not successful at mediating the CRP of styrene 
(bulk, styrene/V-70/II = 250:0.8:1; 50 
o
C for 4 h, then 90 
o
C), yielding large polydispersity 
indices (2.5-3.7) and exceedingly high molecular weights (Mn = 7.9  10
4
 g mol
-1
, Mn,th = 1.7 
 10
4
 g mol
-1
) at 65 % conversion. On the other hand, the polymerisation of 500 equivalents 
of vinyl acetate under the same conditions showed improved control (Mn = 1.12  10
4
 g mol
-
1
, Mn,th = 5.16  10
3
 g mol
-1
, PDI = 1.68) but only proceeded to low conversions (12 % after 
66 h), suggesting a lower propensity for the organometallic bond to break homolytically. 
These observations were supported by parallel DFT calculations, which predict a weaker 
metal-alkyl bond for styrene compared to the more reactive vinyl acetate radical. It was 
postulated that increased steric bulk on the ligand would lower the dissociation energy of the 
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carbon-chromium bond. Indeed, polymerisations mediated by compound I proceeded to 70 % 
conversion in 20 h, though the level of control was poor (Mn = 5.67  10
4
 g mol
-1
, Mn,th = 
3.01  10
4
 g mol
-1
, PDI = 2.5), suggesting inefficient trapping of the propagating chains. 
Lowering the temperature to 30 
o
C resulted in a slower but better controlled process (at 70 % 
conversion: Mn = 6.73  10
4
 g mol
-1
, Mn,th = 3.01  10
4
 g mol
-1
, PDI = 1.8). While an 
intermediate degree of bulk, as in the case of complex III, did not result in a sufficient 
weakening of the organometallic bond with respect to I to achieve satisfactory conversions (4 
% after 30 h), the electronic properties of the substituent on the para position of the phenyl 
ring were found to have an effect on the radical trapping ability of the chromium centre. 
Conversion plateaux of 12 and 40 % were reached with IV (60 
o
C) and V (50 
o
C), 
respectively. Polymerisations proceeded only upon increase of the reaction temperature, 
reaching 40 % for IV (100 
o
C) and 71 % with V (80
 o
C). Molecular weight data for these 
experiments were not disclosed. 
  Inspired by these findings, a study was carried out on the activity of a series of novel bis-
salicylaldimino chromium complexes in the organometallic mediated polymerisation of vinyl 
acetate and styrene. The results are presented in the following sections of this chapter. 
 
4.2  Results and discussion 
4.2.1  Synthesis of complexes 14-19 
4.2.1.1  Salicylaldimine ligand synthesis 
  Salicylaldimine compounds L9-L14 were prepared according to previously reported 
procedures by the condensation reaction between a substituted salicylaldehyde and the 
relevant amine or aniline (Scheme 4.2).
[37, 38]
 The reagents were stirred in refluxing ethanol 
for 2 to 4 hours in the presence of a catalytic amount of either trifluoroacetic or formic acid. 
Recrystallisation of the crude products from ethanol at -30 
o
C afforded the crystalline, NMR-
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pure compounds in good yields (76-88 %). Purification of the crude material by column 
chromatography was initially carried out but was deemed unnecessary and was indeed 
detrimental to yields. 
 
 
Scheme 4.2  Synthesis of salicylaldimine compounds L9-L14. 
 
4.2.1.2  Metallation to chromium(II) 
  The corresponding bis-salicylaldimino Cr(II) complexes 14-18 were prepared by reacting 
the metal precursor CrCl2(THF)2 with two molar equivalents of the relevant lithiated ligand 
in THF (Scheme 4.3). The chromium(II) chloride tetrahydrofuran adduct was obtained as 
described in the literature by continuous extraction of CrCl2 with THF using a Soxhlet 
apparatus.
[39]
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Scheme 4.3  Synthesis of complexes 14-18. 
 
  The crude materials were recrystallised from cold pentane to afford the pure compounds as 
dark orange (14 and 15) or brown (16-18) crystalline solids. While complexes 14-16 were 
obtained in good yields (78-86 %), the poor solubility in pentane of compounds 17 and 18 
required additional extraction steps and resulted in lower isolated yields (46 and 35 %, 
respectively).  
  Elemental analysis and mass spectrometry characterisation data are consistent with the 
formation of the monomeric, bis-chelate chromium species depicted in Scheme 4.3, while 
solution magnetic moment measurements indicate that these species contain low spin 
chromium(II) centres (μeff = 3.14-3.45). Recorded contact-shifted 
1
H NMR spectra of 
complexes 14-18 were not meaningful. 
  Crystals suitable for X-ray diffraction were grown by cooling a pentane solution of complex 
14 to -30 
o
C (Figure 4.4). The resulting solid-state structure shows a highly distorted square 
planar geometry around the chromium atom. The degree of tetrahedral distortion can be 
quantified by measuring the dihedral angle between the planes defined by the imine-phenol 
chelate and the metal centre for each ligand, with a magnitude of 90
o
 corresponding to a 
perfect tetrahedron. The calculated angle for complex 14 was 31
o
, indicating a significant 
twist of one of the ligands out of the plane corresponding to a perfect square planar 
arrangement. 
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Figure 4.4  Molecular structure obtained from a solution of complex 14. Selected bond lengths (Å) and angles 
(
o
): Cr-O(1) 1.975(5), Cr-O(31) 1.965(5), Cr-N(7) 2.079(7), Cr-N(37) 2.078(6), C(7)-N(7) 1.289(10), C(37)-
N(37) 1.275(10), O(1)-Cr-N(7) 88.9(2), O(31)-Cr-N(7) 94.4(2), O(1)-Cr-N(37) 95.3(2), O(31)-Cr-N(37) 
88.4(2), N(7)-Cr-N(37) 153.6(3), O(1)-Cr-O(31) 164.8(2). 
 
A five-coordinated, solvent-bound structure was also obtained from crystals of a different 
batch of compound 14 (Figure 4.5). The resolved structure shows a THF molecule bound to 
the complex to form a pentacoordinated, heavily distorted square pyramidal species (Figure 
4.5). This confirms that the steric bulk generated by the two salicyladimino ligands does not 
compromise the possibility of further coordination, albeit that of a small THF molecule. 
Furthermore, the propensity for pentacoordination over an octahedral arrangement is an asset 
for a potential OMRP mediator, as the dormant organometallic species would indeed involve 
this symmetry as opposed to the six-coordinate intermediate formed during a degenerative 
transfer process.  
  The degree of distortion of a pentacoordinated metal centre from an ideal geometry can be 
calculated using the ‘tau’ (τ) value.[40] Tau can range from 0 to 1, which correspond to a 
perfect square pyramid and trigonal bipyramid, respectively. The value for complex 14·THF 
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is 0.448, which indicates that the spatial arrangement around the metal is almost exactly in-
between the two geometries. 
 
 
Figure 4.5  Molecular structure of complex 14
.
THF. Selected bond lengths (Å) and angles (
o
): Cr-O(1) 
1.9675(13), Cr-O(31) 1.9680(13), Cr-O(60) 2.3876(15), Cr-N(7) 2.1278(15), Cr-N(37) 2.1056(15), C(7)-N(7) 
1.297(2), C(37)-N(37) 1.305(2), O(1)-Cr-N(7) 88.44(6), O(31)-Cr-N(7) 95.57(6), O(1)-Cr-N(37) 93.21(6), 
O(31)-Cr-N(37) 87.98(6), N(7)-Cr-N(37) 144.49(6), O(1)-Cr-O(31) 171.34(6), O(1)-Cr-O(60) 86.75(6), O(31)-
Cr-O(60) 85.06(6), N(7)-Cr-O(60) 98.63(6), N(37)-Cr-O(60) 116.88(6). 
 
  A different type of metal compound was isolated from the metallation reaction with the N-
t
Bu substituted compound L11 (Scheme 4.4). 
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Scheme 4.4  Metallation reaction scheme for L14: formation of complex 19. 
 
 
  In the ligand deprotonation step, the n-butyl anion was found to add to the imine bond, 
probably by the mechanism shown in Scheme 4.5. The molecular structure of the octahedral 
Cr(III)-acetate species 19b discussed in Section 4.2.3.4 reveals that the resulting secondary 
amine coordinates to the metal centre as a neutral donor.  
 
 
Scheme 4.5  Proposed mechanism for the alkylation of L11 by n-BuLi. 
 
  The diastereoselective addition of organometallic reagents to aldimines has been long 
exploited by synthetic organic chemists for the preparation of amines.
[41-45]
 The alkylation of 
salicylaldimines by lithium reagents has also been previously reported.
[46]
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4.2.2  Polymerisation results 
4.2.2.1  Vinyl acetate 
4.2.2.1.1  Experiments at 60 
o
C 
  Compounds 14-19 were tested as mediators in the radical polymerisation of vinyl acetate 
(200 eq., bulk) in the presence of one equivalent of the azo radical source V-70. The results 
for experiments run at 60 
o
C are summarised in Table 4.1. 
 
Table 4.1  Polymerisation of vinyl acetate at 60 
o
C. 
 
Complex Time (h) Conv. (%)
a 
Mn
b 
Mn,th Mw/Mn
b 
14 5 73 25500 12600 2.09 
15 4 69 42900 11900 1.75 
16 5 29 18300 5000 1.63 
17 6 65 30100 11200 1.70 
18 6 63 22200 10900 1.91 
19 4 80 31700 13800 1.64 
a
 Determined by 
1
H NMR in CDCl3; 
b
 determined by GPC in CHCl3. 
 
  With the exception of experiments run in the presence of complex 16, reasonably high 
conversions were reached in 4 to 6 hours. GPC traces were monomodal for all complexes 
(Mw/Mn = 1.5-2.2), reducing the likelihood of a complex combination of mechanistic 
pathways operating within the system. Molecular weights were consistently higher than what 
was expected for one polymer chain per metal centre, particularly in the presence of the N-
alkylated complexes 15 and 19. 
  The evolution of molecular weights with conversion is shown in Figures 4.6 and 4.7 for the 
bis-salicylaldimino complexes 14-15 and the bis-phenoxyamino derivative 19, respectively. 
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With complex 14, as well as with derivatives 16-18, the increase was rather uneven, with 
high molecular weights already observed at relatively low conversions. Although the 
homogeneity of the observed polymer growth was somewhat improved in the presence of N-
alkyl substituted complexes 15 and 19, the deviation from calculated molecular weight values 
remained substantial. 
 
0
0.5
1
1.5
2
2.5
0
10000
20000
30000
40000
50000
0 10 20 30 40 50 60 70 80 90
M
w
/M
n
M
n
conversion (%)
 
Figure 4.6  Plot of molecular weight v. conversion (full symbols) and evolution of PDI values (empty symbols) 
for the polymerisation of vinyl acetate carried out at 60 
o
C, with [VOAc]/[cat]/[V-70] = 200/1/1; cat = 14 (♦, ), 
15 (■,□). The solid line represents Mn,th. 
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Figure 4.7  Plot of molecular weight v. conversion (full symbols) and evolution of PDI values (empty symbols) 
for the polymerisation of vinyl acetate carried out at 60 
o
C, with [VOAc]/[19]/[V-70] = 200/1/1. The solid line 
represents Mn,th. 
 
  The semilogarithmic increase of conversion with time for a controlled radical process 
should be linear, indicating a constant radical concentration throughout the polymerisation. 
As is evident in Figure 4.8, the curve for complex 14 is composed by two straight lines, 
indicating a sudden change in the observed polymerisation rate (kobs). The same trend was 
observed for complexes 15-19 (Figure 4.9). 
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Figure 4.8  Plot of the logarithm of conversion v. time for the polymerisation of vinyl acetate carried out at 60 
o
C, with [VOAc]/[14]/[V-70] = 200/1/1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9  Rate switch observed in the polymerisations of vinyl acetate at 60 
o
C mediated by complexes 15-19. 
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  Considering that the half-life (t1/2) of V-70 at 60 
o
C is 11 minutes, it can be assumed that all 
the radical initiator will have effectively decomposed after about 90 minutes, i.e. eight half-
lives. This means that, after one and a half hours, the influx of freshly generated radicals into 
the system will have ceased. This important change in the system dynamics corresponds, not 
coincidentally, to the observed rate switch. Because the degenerative exchange mechanism 
relies on a constant supply of radicals in order to operate, such a process cannot take place 
after this time. This suggests that, within the system under consideration, a degenerative 
transfer mechanism dominates until the radical source is extinguished; the chain growth 
observed after that time can be ascribed to a reversible trapping process (OMRP).  
  It is interesting to note that the slope change for complex 19 is much less pronounced than 
that of its salicylaldimino counterparts, possibly indicating a more homogeneous blend of the 
co-operating mechanisms. 
  The observed rates for the two distinct polymerisation stages are listed in Table 4.2. 
Degenerative transfer rates for the tert-butyl bearing complexes 14, 15 and 19 are comparable 
(kobs = 0.486, 0.450 and 0.499 h
-1
, respectively). Complexes carrying electron withdrawing 
substituents, 16 and 17, mediated a slower exchange (kobs = 0.123 and 0.277 h
-1
, 
respectively), while a much faster process was promoted by complex 18 (kobs = 0.738 h
-1
).  
  The rates observed in the second stage of the polymerisation should correlate with the 
strength of the chromium-carbon bond in the dormant organometallic species. As expected, 
removing bulky substituents on the ligand phenol ring slowed down the reaction (kobs = 0.011 
for 18 compared to 0.053 h
-1
 for 14). The introduction of electron-withdrawing atoms had the 
same effect, but only in the absence of substituents in the ortho position (kobs = 0.030 for 16, 
but 0.050 h
-1
 for 17). A bulkier N-substituent, as in complex 19, was expected to labilise the 
organometallic bond, and indeed the reaction was faster (kobs = 0.244 h
-1
). Despite a similar 
bulk on the imine nitrogen to complex 14, the cyclohexyl substituted 15 promoted a process 
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approximately twice as fast, suggesting the influence of electronic factors on the 
polymerisation rate. 
   
Table 4.2  Polymerisation results in the DT- and OMRP-dominated stages for complexes 14-19. 
 
 DT OMRP 
Complex kobs (h
-1
) Conv. (%)
a 
Mw/Mn
b 
kobs (h
-1
) Conv. (%)
c
  Mw/Mn
b 
14 0.486 58 1.76 0.053 69 1.99 
15 0.450 57 1.90 0.113 69 1.75 
16 0.123 15 1.66 0.030 28 1.51 
17 0.277 42 1.90 0.050 62 1.88 
18 0.738 42 1.84 0.011 60 2.07 
19 0.499 61 1.90 0.244 80 1.64 
a
 After 1.5 h, as determined by 
1
H NMR in CDCl3; 
b
 determined by GPC in CHCl3;
 c
 after 4 h, as determined by 
1
H NMR in CDCl3.
  
 
4.2.2.1.2  Experiments at 30 
o
C 
  Vinyl acetate polymerisation experiments (200 eq., bulk) mediated by compounds 14-19 
and one molar equivalent of V-70 were also carried out at 30 
o
C. The results are summarised 
in Table 4.3 and illustrated in Figures 4.10-4.12. 
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Table 4.3  Polymerisation of vinyl acetate at 30 
o
C. 
 
Complex Time (h) Conv. (%)
a 
kobs (h
-1
) Mn
b 
Mn,th Mw/Mn
b 
14 39 59 0.027 49300 10200 1.74 
15 27 56 0.036 75300 9000 1.61 
16 168 60 0.006 29700 10300 1.57 
17 71 60 0.015 35300 10300 1.75 
18 64 62 0.018 46100 10600 1.63 
19 29 65 0.037 49900 11200 1.81 
a
 Determined by 
1
H NMR in CDCl3; 
b
 determined by GPC in CHCl3. 
 
  Lowering the reaction temperature was expected to shift the reversible termination 
equilibrium somewhat towards the dormant species, and thus result in slower polymerisation. 
Indeed, the observed reaction rates showed a tenfold decrease with respect to those recorded 
at 60 
o
C. The fastest processes were those mediated by the N-alkyl substituted complexes 15 
and 19 (kobs = 0.036 and 0.037 h
-1
, respectively). Once again, on account of the similar steric 
bulk generated by the cyclohexyl and 2,6-diisopropyl substituents, the somewhat slower 
polymerisation mediated by complex 14 can possibly be ascribed to electronic effects (kobs = 
0.027 h
-1
). Analogously to what was observed at 60 
o
C, removing the cumbersome tert-butyl 
groups on the phenol ring of the ligand, as in 18, resulted in a further rate reduction (kobs = 
0.018 h
-1
). Adding electron-withdrawing chlorine atoms on the ortho and para positions, as in 
complex 17, had a very similar effect on the reaction kinetics (kobs = 0.015 h
-1
). Complex 16, 
which includes both these characteristics, promoted a dramatically slower polymerisation 
(kobs = 0.006 h
-1
). 
 141 
  An induction time of 7 to 9 h was observed for complexes 14-18. This is generally accepted 
to be the time necessary for the initiated monomer to convert all of the chromium(II) complex 
into the organometallic chromium(III) species.
[47]
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Figure 4.10  Plot of the logarithm of conversion v. time for the polymerisation of vinyl acetate carried out at 30 
o
C, with [VOAc]/[cat]/[V-70] = 200/1/1; cat = 14 (●), 15 (■), 17 (▲), 18 (■), 19 (▲). 
 
  The near absence of an induction time in the polymerisation mediated by complex 19 seems 
to confirm that, as suspected in Section 4.2.4.1.1, different molecular dynamics operate 
within the phenoxyamino Cr(II) system.  
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Figure 4.11  Plot of the logarithm of conversion v. time for the polymerisation of vinyl acetate carried out at 30 
o
C, with [VOAc]/[16]/[V-70] = 200/1/1. 
 
  Because of the lower polymerisation rate, the reaction in the presence of complex 16 was 
extended beyond the lifetime of the radical initiator. A rate switch was evident after about 
170 h, which correspond to 17 half-lives of V-70 at 30 
o
C. The OMRP process that ensued 
was barely detectable, and over forty times slower than at 60 
o
C (kobs = 0.001 v. 0.030 h
-1
). 
  A comparative view of the kinetic data for all complexes is shown in Figure 4.12. 
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Figure 4.12  Plot overview of the logarithm of conversion v. time for the polymerisation of vinyl acetate carried 
out at 30 
o
C, with [VOAc]/[cat]/[V-70] = 200/1/1; cat = 14 (●), 15 (■), 16 (●), 17 (▲), 18 (■), 19 (▲). 
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4.2.2.1.3  Kinetic study on the influence of [V-70] 
  In order to gather additional evidence to support the intervention of a degenerative transfer 
mechanism, the effect of varying the initial concentration of radical initiator was investigated. 
A series of polymerisation reactions mediated by complex 18 in the presence of 0.5, 1, 3 and 
6 equivalents of V-70 was run at 30 
o
C, and the evolutions of conversion with time compared. 
The results are collected in Table 4.4. 
 
Table 4.4  Polymerisation of vinyl acetate at 30 
o
C with complex 18 and different initial concentrations of V-70. 
 
[V-70]/[18] Time (h) Conv. (%)
a 
kobs (h
-1
) Mn
b 
Mn,th Mw/Mn
b 
0.5 130 57 0.006 44300 9800 1.80 
1 64 62 0.018 46100 10600 1.63 
3 40 77 0.037 39900 13300 1.67 
6 22 70 0.568 21900 12000 1.97 
a
 Determined by 
1
H NMR in CDCl3; 
b
 determined by GPC in CHCl3. 
 
  As can be seen from Figure 4.13, a higher amount of radicals at the beginning of the process 
not only increased the reaction rate, but also eliminated the induction time. Conversely, 
reducing the initial amount of V-70 extended the induction time to 16 h, while significantly 
decreasing the polymerisation rate. These experiments showed also a marked effect of [V-70] 
on the final molecular weights, with a faster exchange reducing their deviation from 
calculated values (Mn/Mn,th = 4.35 and 1.82 when, respectively, [V-70]/[18] = 1 and 6). 
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Figure 4.13  Effect of varying the initial concentration of V-70 on the induction time and rate of the 
polymerisation of vinyl acetate mediated by complex 18 at 30 
o
C. 
 
  These results can be plotted according to the relationships defined in the kinetic laws for 
OMRP and degenerative transfer. The kinetic law for OMRP is expressed by Equation 4.1: 
 Rp = kpKeq[I]0/[Cr
II
]         (4.1) 
As illustrated in Figure 4.14, the plot of initiation concentration versus polymerisation rate 
gives rise to a quadratic curve, in disagreement with the linear relationship expected for an 
OMRP system. 
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Figure 4.14  Plot of initiator concentration v. reaction rate for the polymerisation of vinyl acetate mediated by 
complex 18. 
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  The kinetic law for degenerative transfer processes is expressed by Equation 4.2: 
Rp = kpƒkd(kt)
-1/2
([I]0)
1/2
         (4.2) 
If plotted according to this relationship, by which the polymerisation rate is proportional to 
the square root of the initial concentration of radical initiator, the data give rise to a straight 
line (Figure 4.15). 
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Figure 4.15  Plot of square root of the initiator concentration v. reaction rate for the polymerisation of vinyl 
acetate mediated by complex 18. 
 
  These results support the previously formulated hypothesis of a degenerative transfer 
mechanism operating in the radical polymerisation of vinyl acetate mediated by bis-
salicylaldimino chromium(II) complexes. Although an OMRP equilibrium is probably 
operative throughout the polymerisation, its contribution is negligible as long as DT occurs. 
 
4.2.2.1.4  Polymerisation in the presence of an electron donor 
  In an attempt to block the dominant degenerative exchange and achieve polymerisation by 
an uncontaminated OMRP process, a series of experiments were run in the presence of 3 
equivalents of pyridine with respect to complex 14. The electron donor can prevent 
associative exchange by binding to one of the two available sites on the tetracoordinated 
transfer agent. The solid-state structure of complex 14
.
THF discussed in Section 4.2.1.2 does 
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suggest a propensity of the bis-salicylaldimino Cr(II) complex for weak coordination to 
electron donors.  
  The results for the polymerisation of vinyl acetate (200 eq., bulk) initiated by 14/V-70 (1:1) 
with and without pyridine are plotted in Figures 4.16 (60 
o
C) and 4.17 (30 
o
C). 
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Figure 4.16  Plot of the logarithm of conversion v. time for the polymerisation of vinyl acetate carried out at 60 
o
C, with [VOAc]/[14]/[V-70] = 200/1/1; ♦ = without pyridine, ♦ = with 3 eq. Pyridine. 
 
  At 60 
o
C, the curves corresponding to experiments run with and without pyridine look 
strikingly similar. Despite lower rates, a mechanistic switch is still evident in the presence of 
the electron donor, indicating no significant mechanistic change. Likewise, up to moderate 
conversions, the reaction at 30 
o
C with the electron donor mirrors the semilogarithmic trend 
of the polymerisation run in its absence. After about 60 hours, however, the plot deviates 
from linearity and curves downward, indicating a gradual decrease in the concentration of 
active radicals in solution. This change occurs as the radical source is approaching full 
consumption, again suggesting that a combination of different equilibria is still operating in 
the system. Moreover, a shift towards a pure OMRP mechanism would be expected to at least 
reduce the observed induction time, which remained unchanged in this case. 
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Figure 4.17  Plot of the logarithm of conversion v. time for the polymerisation of vinyl acetate carried out at 30 
o
C, with [VOAc]/[14]/[V-70] = 200/1/1; ♦ = without pyridine, ♦ = with 3 eq. pyridine. 
 
  In conclusion, there appears to be no significant interaction between complex 14 and 
pyridine; the rate decrease is therefore likely to be an effect of dilution. Although 
1
H NMR 
could not be used to monitor the chromium species present in solution, analysis of the 
polymerisation mixture by LSIMS lacked the molecular peak corresponding to a pyridine 
adduct of 14. 
 
4.2.2.1.5  Solution polymerisation  
  In the polymerisation of vinyl acetate mediated by complexes 14-15 and 16-19 at 30 
o
C, the 
degenerative exchange rate is such that high conversions are reached before the radical 
initiator is fully consumed. This prevents the system from undergoing a mechanistic switch 
like that observed at 60 
o
C. A simple way of confirming the existence of OMRP under these 
conditions is to slow down degenerative transfer by diluting the polymerisation mixture. 
  Parallel vinyl acetate polymerisation experiments (200 eq.) with complexes 14 and 15 
initiated by one equivalent of V-70 were run in the presence of varying amounts of toluene 
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[VOAc/toluene (v/v) = 100/0, 75/25, 50/50]. The results are summarised in Table 4.5 and 
plotted in Figures 4.18-4.21. 
 
Table 4.5  Polymerisation results in the DT- and OMRP-dominated stages for complexes 14 and 15 at 30 
o
C. 
 
  DT OMRP 
Complex 
VOAc/toluene 
(v/v) 
kobs (h
-1
) Conv. 
(%)
a 
Mw/Mn
b 
kobs (h
-1
) Conv. 
(%)
a
  
Mw/Mn
b 
14 100/0 0.033 67 2.21 - - - 
 75/25 0.013 49 1.82 0.002 62 1.89 
 50/50 0.009 68 1.78 0.002 74 1.82 
15 100/0 0.052 64 2.01 - - - 
 75/25 0.014 50 1.84 0.001 66 1.96 
 50/50 0.009 73 1.87 0.003 80 1.89 
a
 Maximum conversion for each stage, determined by 
1
H NMR in CDCl3; 
b
 determined by GPC in CHCl3. 
 
  As expected, polymerisation rates decreased as the amount of toluene was increased, 
revealing the transition from DT to an OMRP mechanism (Figures 4.18 and 4.19). With the 
exception of a somewhat faster bulk polymerisation with complex 15, both DT and OMRP 
observed rate constants for 14 and 15 are comparable. The rate change at lower dilutions 
[VOAc/toluene (v/v) = 75/25] occurred after 50-60 hours, but was found to shift to over 100 
hours when more toluene was added [VOAc/toluene (v/v) = 50/50]. The precise times under 
the latter conditions are not known, as only one sample was analysed after the deactivation of 
degenerative transfer. Although the trendlines drawn between two data points in Figures 4.18 
and 4.19 are indicative, there is reasonable evidence to assume they are largely accurate. 
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Figure 4.18  Plot of the logarithm of conversion v. time for the polymerisation of vinyl acetate carried out in 
toluene at 30 
o
C, with [VOAc]/[14]/[V-70] = 200/1/1; toluene/VOAc = 0/100(♦), 25/75(♦), 50/50(♦). 
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Figure 4.19  Plot of the logarithm of conversion v. time for the polymerisation of vinyl acetate carried out in 
toluene at 30 
o
C, with [VOAc]/[15]/[V-70] = 200/1/1; toluene/VOAc = 0/100(♦), 25/75(♦), 50/50(♦). 
 
  The evolution of molecular weights at different dilutions is shown in Figures 4.20 and 4.21 
for complex 14 and 15, respectively. In both cases, the strong deviation towards high 
molecular weights was considerably reduced in solution. Higher than predicted values were 
however still observed at low conversion, resulting in stagnating molecular weights 
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throughout the polymerisation at both 75/25 and 50/50 dilution. The slight improvement on 
polydispersity values with increasing amounts of toluene  is to be read with caution, as such 
subtle differences may well fall within the range of experimental error (for 14 and 15, 
respectively: Mw/Mn(75/25) = 1.89 and 1.96 compared to Mw/Mn(50/50) = 1.82 and 1.89). 
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Figure 4.20  Plot of molecular weight v. conversion for the polymerisation of styrene carried out in toluene at 
30 
o
C, with [VOAc]/[14]/[V-70] = 200/1/1; toluene/VOAc = 0/100(♦), 25/75(♦), 50/50(♦). The solid line 
represents Mn,th. 
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Figure 4.21  Plot of molecular weight v. conversion for the polymerisation of styrene carried out in toluene at 
30 
o
C, with [VOAc]/[15]/[V-70] = 200/1/1; toluene/VOAc = 0/100(♦), 25/75(♦), 50/50(♦). The solid line 
represents Mn th. 
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4.2.2.2  Styrene 
  The activity of complexes 14-16 and 18-19 was also tested in the polymerisation of styrene 
(200 eq., bulk) at 60 
o
C, with 1 molar equivalent of 2,2'-azobis(4-methoxy-2.4-dimethyl 
valeronitrile) (V-70) as the radical initiator. The results are summarised in Table 4.6 and 
illustrated in Figures 4.22-4.23. 
 
Table 4.6  Styrene polymerisation results after 24 h at 60 
o
C. 
 
Complex Conv. (%)
a
 Mn
b
 Mn,th Mw/Mn
b
 
14 47 15000 9700 4.21 
15 45 14500 9500 3.99 
16 57 13500 11900 3.56 
18 56 13200 11600 3.62 
19 53 13600 10900 3.73 
a
 Determined by 
1
H NMR in CDCl3; 
b
 determined by GPC in CHCl3. 
 
  The conversion and molecular weight evolution in the presence of this type of compounds is 
exemplified well by the kinetic plots for complex 18 (Figures 4.22 and 4.23).  
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Figure 4.22  Plot of the logarithm of conversion v. time for the polymerisation of styrene carried out at 60 
o
C, 
with [styrene]/[18]/[V-70] = 200/1/1. 
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  Up to about 30 % conversion, polymerisation was fast (kobs = 0.320 h
-1
). After 
approximately 1 h, the process slowed down considerably (kobs = 0.020 h
-1
), even though the 
linearity of the semilogarithmic conversion plot was maintained. This suggests a similar DT-
OMRP interplay to that observed in the polymerisation of vinyl acetate. In this case, 
however, molecular weights were in line with those predicted for one chain per complex 
molecule, with a slight deviation towards higher values as the reaction approached 
completion. Polydispersities were just below 2 during the DT-dominated stage, after which 
they increased steadily to values close to 4 at high conversions. This was reflected in the GPC 
traces of the last 3 aliquots, which revealed a markedly bimodal process. 
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Figure 4.23  Plot of molecular weight v. conversion (full symbols) and evolution of PDI values (empty 
symbols) for the polymerisation of styrene carried out at 60 
o
C, with [styrene]/[18]/[V-70] = 200/1/1. The 
straight line corresponds to Mn,th. 
 
These results recall those observed in the radical polymerisation of styrene mediated by the 
R-BIAN Fe(II) complexes 2 and 3 (Chapter 2, Section 2.2.5).  
  Contrary to what was discussed above for vinyl acetate, the observed polymerisation rates of 
both DT and OMRP appear to be enhanced by the loss of the ligand ortho-phenol substituent, 
as in the case of complexes 16 and 18 (Table 4.7). 
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Table 4.7  VOAc polymerisation results in the DT- and OMRP-dominated stages for complexes 14-16 and  
18-19. 
 
 DT OMRP 
Complex kobs (h
-1
) Conv. (%)
a 
Mw/Mn
b 
kobs (h
-1
) Conv. (%)
c
  Mw/Mn
b 
14 0.255 25 1.81 0.008 54 4.33 
15 0.284 28 1.92 0.004 56 4.04 
16 0.313 28 2.05 0.020 90 3.60 
18 0.319 28 1.97 0.020 66
d
 3.99 
19 0.253 28 2.40 0.017 87 4.39 
a
 After 1 h, as determined by 
1
H NMR in CDCl3; 
b
 determined by GPC in CHCl3;
 c
 after 95 h, as determined by 
1
H NMR in CDCl3;
 d
 conversion after 35 h. 
 
4.2.3  Monomer rearrangement 
4.2.3.1  Crystal structures of 14a/a’ and 14b/b’ 
  Over the course of about a week, three different sets of crystals were found to have grown 
from a poly(vinyl acetate) mixture containing complex 14: green blocks, green-blue plates 
and dark orange needles. All three morphologies were analysed by X-ray diffraction, 
revealing the structures shown in Figures 4.24-4.26. 
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   14a      
Figure 4.24  Molecular structure of the green blocks isolated from poly(vinyl acetate) made with complex 14. 
Selected bond lengths (Å) and angles (
o
): Cr-O(1) 1.9122(13), Cr-O(31) 1.9114(13), Cr-O(61) 1.987(3), Cr-
O(64) 2.070(3),Cr-N(7) 2.1140(16), Cr-N(37) 2.1052(19), C(7)-N(7) 1.303(2), C(37)-N(37) 1.304(3), O(1)-Cr-
N(7) 89.77(6), O(31)-Cr-N(7) 92.03(6), O(1)-Cr-N(37) 90.67(6), O(31)-Cr-N(37) 89.38(6), O(1)-Cr-O(61) 
86.93(8), O(31)-Cr-O(61) 91.22(8).  
 
   
     14b     
Figure 4.25  Molecular structure of the green-blue plates isolated from poly(vinyl acetate) made with complex 
14. Selected bond lengths (Å) and angles (
o
): Cr-O(1) 1.9246(18), Cr-O(31) 1.9208(18), Cr-O(61) 2.025(2), Cr-
O(62) 2.024(2),Cr-N(7) 2.081(2), Cr-N(37) 2.075(2), O(61)-C(60) 1.312(4), O(62)-C(60) 1.300(4), C(7)-N(7) 
1.305(4), C(37)-N(37) 1.283(3), O(1)-Cr-N(7) 89.54(8), O(31)-Cr-N(7) 92.16(8), O(1)-Cr-N(37) 91.54(8), 
O(31)-Cr-N(37) 89.11(8), O(1)-Cr-O(61) 88.45(8), O(31)-Cr-O(61) 89.59(9).  
 
 155 
       14a’     
        14b’     
Figure 4.26  The two chromium (III) species contained in the dark orange, needle-shaped crystals isolated from 
poly(vinylacetate) made with complex 14; 56% of the total occupancy is taken by the acetate complex, 14b’, 
with the remaining 44% composed of acetylacetaldehyde species, 14a’.  
Selected bond lengths (Å) and angles (
o
) for 14a’: Cr-O(1) 1.930(3), Cr-O(31) 1.927(3), Cr-O(61’) 2.014(10), 
Cr-O(64’) 2.008(17),Cr-N(7) 2.064(3), Cr-N(37) 2.072(3), O(61’)-C(61’) 1.261(16), C(61’)-C(60’) 1.51(3), 
C(61’)-C(62’) 1.34(2), C(62’)-C(63’) 1.44(2), C(63’)-C(64’) 1.26(2), O(1)-Cr-N(7) 87.89(12), O(31)-Cr-N(7) 
92.94(12), O(1)-Cr-N(37) 93.09(12), O(31)-Cr-N(37) 88.78(12), O(1)-Cr-O(64’) 93.1(4), O(31)-Cr-O(1) 
92.10(12). 
Selected bond lengths (Å) and angles (
o
) for 14b’: Cr-O(1) 1.930(3), Cr-O(31) 1.927(3), Cr-O(61) 2.011(6), Cr-
O(62) 2.017(13),Cr-N(7) 2.064(3), Cr-N(37) 2.072(3), O(61)-C(60) 1.280(12), O(62)-C(60) 1.241(14), C(60)-
C(63) 1.440(15), O(1)-Cr-N(7) 87.89(12), O(31)-Cr-N(7) 92.94(12), O(1)-Cr-N(37) 93.09(12), O(31)-Cr-N(37) 
88.78(12), O(1)-Cr-O(62) 100.9(3), O(31)-Cr-O(1) 92.10(12).  
 
  Unexpectedly, vinyl acetate was found to have isomerised to acetylacetaldehyde and 
coordinated to the chromium complex to form a novel, octahedral species. An analogous six-
coordinated complex, bearing acetate as the third bidentate ligand, was also isolated. We shall 
refer to these species as 14a and 14b, respectively. Co-crystallisation of complexes 14a and 
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14b is favoured for the conformations with the oxygen donors cis to each other, as found for 
14a’ and 14b’ in the orange needles. Because oxygen atoms are stronger donors than nitrogen 
ones, this configuration should also be thermodynamically favoured over the trans 
arrangement. Complexes 14a-b and their fragmentation products are also clearly identifiable 
in the LSI mass spectrum of the polymerisation mixture with complex 14 (Figure 4.27). 
 
 
 
Figure 4.27  LSI mass spectrum of the crystals grown from poly(vinyl acetate) prepared in the presence of 
complex 14; L L = N-(3,5-di-tert-butylsalicylidene)-2,6-diisopropylaniline. 
 
c 
 d 
 e 
 
b 
 
a 
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  Assuming the formation of these octahedral species is irreversible, the removal of some of 
the active chromium(II) tetra-coordinated complex from the polymerisation mixture would 
explain the higher molecular weights observed in the poly(vinyl acetate) produced within this 
system (see Section 4.2.4.1). The partial removal of the deactivator should have little effect 
on the polydispersity values, which remain above 1.4 in all the experiments presented in this 
study; the equilibria governing the formation of the chromium-carbon bonds (be it that for 
reversible termination or degenerative transfer) are thus probably not ideal and could benefit 
from fine-tuning, perhaps by varying the ligand properties. 
 
4.2.3.2  Mechanistic considerations 
  Vinyl benzoate undergoes thermal decomposition at temperatures above 400 
o
C, yielding 
the products shown in Scheme 4.6.
[48]
 In the literature, all products could be identified except 
benzoylacetaldehyde, which undergoes rapid decarbonylation to form acetophenone and 
carbon monoxide.  
 
 
Scheme 4.6  Decomposition of vinyl benzoate. 
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  By analogy, acetic acid and acetylacetaldehyde are thought to be among the products of the 
pyrolysis of vinyl acetate.
[49]
 Evidence for the formation of acetylacetaldehyde could however 
not be provided because of its propensity to spontaneously condense to 1,3,5-
triacetylbenzene.
[50]
 β-Diketones can also be formed by the photolytic isomerisation of enol 
acetates.
[51]
 Irradiation of isopropenyl acetate and cyclohexenyl acetate with a low-pressure 
mercury lamp (254 nm) was shown to promote acetyl rearrangement yielding, respectively, 
acetylacetone and α-acetylcyclohexanone. The proposed mechanisms for the thermal (ionic) 
and photoinitiated (radical) intramolecular rearrangements of vinyl esters are summarised in 
Scheme 4.7.
[52, 53]
 
 
 
Scheme 4.7  Proposed intramolecular mechanisms for the rearrangement of vinyl esters. 
   
  Because of the moderate temperatures employed in the polymerisation reactions and the 
absence of a source of highly energetic light, however, such pyro-/photolytical decomposition 
pathways are unlikely to apply to the system under consideration in this study. The ligand 
scrambling observed in the structures resolved from the orange needles may also suggest the 
involvement of the metal centre in the monomer rearrangement process. The research aimed 
at elucidating the molecular events leading to the formation of 14a and 14b should, in our 
opinion, focus on catalytic processes.  
  In a potentially pertinent study by Hauser and co-workers, various ketone enol acetates and 
benzoates were converted to β-diketones by saturating the enol ester with boron fluoride at 0-
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20 
o
C and hydrolysing the resulting mixture with aqueous sodium acetate.
[53, 54]
 In addition to 
the β-diketone, the parent ketone and benzoic acid (from the benzoates) were generally 
obtained as side products. The BF3-catalysed acylation is thought to proceed via the 
intermolecular mechanism shown in Scheme 4.8. 
 
 
Scheme 4.8  Proposed intermolecular mechanism for the acylation of enol acetates by boron fluoride. 
 
  Chromium(II) complexes 20-25 could conceivably replace the boron species as the Lewis 
acid needed to activate the ketone. The hypothetical mechanism of such a reaction for vinyl 
acetate is shown in Scheme 4.9. 
 
 
Scheme 4.9  Hypothetical intermolecular rearrangement of vinyl acetate mediated by a Cr(II) complex. 
 
  The observed monomer isomerisation is also reminiscent of the Fries-rearrangement of aryl 
esters into acyl phenols catalysed by Lewis or Brønsted acids.
[55]
 A definitive reaction 
mechanism for the Fries reaction is still the object of much dispute, as evidence for both 
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inter- and intramolecular mechanisms has been obtained. A widely accepted mechanism 
involving a carbocation intermediate is depicted in Scheme 4.10. 
 
 
Scheme 4.10  Suggested mechanism of the Fries-rearrangement of aryl esters catalysed by AlCl3. 
 
  This process can be applied to a wide variety of substrates: the acids from which the phenol 
esters are derived may be aliphatic, aromatic, or mixed aliphatic-aromatic, while the phenols 
may be derived from benzene, naphthalene, phenanthrene, biphenyl or coumarin.
[56]
 This 
reaction was later extended to acetanilide,
[57]
 as well as some sulfonate
[58-60]
 and sulfinate
[61, 
62]
 esters. For the vast majority of substrates, low temperatures favour the formation of para-
hydroxy ketones, while high temperatures favour the formation of ortho-hydroxy ketones.
[63]
 
The choice of catalysts is also ample, and includes Lewis or Brønsted acids such as HF,
[64, 65]
 
AlCl3,
[66-68]
 BF3,
[69]
 and SnCl4.
[70, 71]
 Fries rearrangements catalysed by Lewis-acidic 
transition metal complexes, namely FeCl3,
[62, 72]
 TiCl4,
[73-75]
 Sc(OTf)3,
[76, 77]
 ZrCl4
[78]
 and 
Hf(OTf)4,
[79-81]
 have also been reported. In the absence of a catalyst, UV light can be used to 
initiate the reaction in what is known as the photo-Fries rearrangement, which occurs by a 
mechanism analogous to that for the photoinitiated isomerisation of vinyl esters discussed 
above (Scheme 4.11).
[82, 83]
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  Despite the impressive number of reported systems, no studies of an analogous process for 
vinyl esters could be found in the literature. Likewise, there seem to be no examples of Fries 
rearrangements of aryl esters catalysed by chromium species. While (aryl triflate) 
tricarbonylchromium complexes were successfully employed in anionic thia-Fries 
processes,
[84]
 CrCl3 was tried with more common substrates, but was shown to be inactive.
[85]
  
 
 
Scheme 4.11  Proposed mechanism of the Photo-Fries rearrangement of aryl esters (illustrated for para attack). 
 
  A hypothetical equivalent of the Fries reaction for the chromium system under investigation 
is depicted in Scheme 4.12. The radical initiator V-70 could possibly play a role in the 
catalyst oxidation to Cr(III) that leads to the formation of the observed hexa-coordinated 
product.  
 
 
Scheme 4.12  Hypothetical chromium-promoted rearrangement of vinyl acetate. 
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4.2.3.3  Acetate formation 
  Acetic acid, the anion of which was also found to coordinate to complexes 14-19, could be 
the product of either an independent reaction or a side product of the acetylacetaldehyde-
forming reaction discussed above. 
  In 2003, Matyjaszewski et al. reported the efficient ITP of vinyl acetate mediated by ethyl 
iodoacetate, which generated polymers with relatively narrow PDIs and well controlled 
molecular weights.
[12]
 However, 
1
H NMR analysis of the resulting poly(vinyl acetate) 
revealed partial decomposition of the unstable iodinated end groups into aldehyde end groups 
and acetic acid (Scheme 4.13). This decomposition mechanism had been previously 
demonstrated by other groups.
[86-88]
 Because all polymerisation reactions were carried out 
under strictly anhydrous conditions, however, it is believed that this decomposition pathway 
is unlikely to play a significant role in our system. 
 
 
Scheme 4.13  Proposed mechanisms for the hydrolysis (a) and decomposition (b) of iodinated end groups in 
poly(vinyl acetate). 
 
  Alternatively, the acetate moiety could be the product of an elimination reaction from the 
dormant organometallic species. In a study on the copolymerisation of vinyl acetate and 
ethylene, Brookhart et al. showed that, after vinyl acetate insertion, R-BIAN Ni(II) and Pd(II) 
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complexes can undergo β-acetate elimination under relatively mild conditions (Scheme 
4.14).
[89]
 While the five-membered nickel(II) acetate chelate was quite stable at ambient 
temperature, the six-membered chelate formed by chain walking was found to eliminate 
readily at temperatures as low as -35 °C. 
 
 
Scheme 4.14  Acetate elimination from Ar-BIAN Pd(II) and Ni(II) complexes. 
 
  A hypothetical equivalent for the polymerisation system under consideration is depicted in 
Scheme 4.15.  
 
 
Scheme 4.15  Hypothetical actetate elimination from the dormant Cr(III)-PVOAc species. 
 
This mechanism entails the formation of unsaturated end groups, which should be present in 
the isolated polymer in detectable amounts. End group analysis was therefore performed by 
 
1
H and 
13
C NMR and proton correlation spectroscopy (COSY) of the purified poly(vinyl 
acetate). A terminal olefin is expected to produce two signals around 5 and 6 ppm and 
resonate in the range 100-150 ppm in the proton and carbon NMR spectra, respectively. As 
exemplified in Figures 4.28 and 4.29 for the polymer prepared with complex 15, however, no 
evidence of olefin terminated chains could be observed in any of the spectra.  
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Figure 4.28  
1
H NMR spectrum in CDCl3 of poly(vinyl acetate) prepared with complex 15. 
 
 
Figure 4.29  
13
C NMR spectrum in CDCl3 of poly(vinyl acetate) prepared with complex 15.  
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  The Lewis-acid catalysed decomposition of vinyl acetate into acetic acid and acetylene is 
another plausible explanation of the presence of the acetate moiety in the system. A possible 
mechanism is shown in Scheme 4.16. 
  
 
Scheme 4.16  Hypothetical Lewis-acid catalysed decomposition of vinyl acetate into acetylene and acetic acid. 
 
4.2.3.4  Rearrangement in the presence of 15-19 
  No crystals suitable for X-ray diffraction analysis could be grown from the polymerisation 
mixtures with the other salicylaldimino Cr(II) compounds, 15-18. Nonetheless, investigation 
of the poly(vinyl acetate) mixtures by FAB mass spectrometry revealed the presence of the 
acetylacetaldehyde and the acetate complexes for all complexes at both 60 and 30 
o
C, as 
exemplified for complex 16 in Figure 4.30. 
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Figure 4.30  FAB mass spectrum of the polymerisation of vinyl acetate at 60 
o
C in the presence of complex 16. 
 
 
  After leaving a sealed reaction ampoule at rest for two weeks, crystals suitable for X-ray 
diffraction could be isolated from the polymer prepared in the presence of complex 19. The 
resolved molecular structure showed an octahedral, acetate-bound species (Figure 4.31), 
which is labelled 19b by analogy to complex 14b. 
 
a 
c b 
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Figure 4.31  Molecular structure of 19b. 
 
  Despite the lack of crystallographic evidence, the parallel formation of the 
acetylacetaldehyde complex was confirmed by mass spectrometry. It is interesting to note 
that, in this case, the cis arrangement of the oxygen donors in 19b did not result in the co-
crystallisation of the acetate and acetylacetaldehyde species as observed for complex 14.  
 
4.2.3.5  Extension to half-sandwich Cr(II) complexes 
  Additional reactions were carried out in order to assess the intervention of these side 
reactions in the polymerisation of vinyl acetate mediated by half-metallocene chromium(II) 
complexes (see Section 4.1). Compound II was prepared according to the reported 
procedure,
[36]
 and stirred in 200 eq. VOAc in the presence of 1 eq. V-70 at 60 
o
C. After 6 
days and a conversion of only 5 %, the unreacted monomer was removed under reduced 
pressure. Analysis of the solid residue by FAB mass spectrometry revealed the presence of 
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the species shown in Figure 4.32, indicating that a similar rearrangement process to that 
observed with 14-19 is likely to be taking place in this system.  
 
        
Figure 4.32  FAB mass spectrum of the solid residue from the attempted polymerisation of vinyl acetate 
mediated by compound II at 60 
o
C, with [VOAc]/[2]/[V-70] = 200/1/1. 
      
4.2.3.6  Role of V-70 
  The role of V-70 in the rearrangement process was assessed by stirring the chromium 
complexes alone in 200 equivalents of vinyl acetate at 60 
o
C. After 7 days, the excess 
monomer was removed under reduced pressure, and the residue analysed by FAB-MS 
(Figure 4.33).  
 
a 
b 
c 
d 
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Figure 4.33  FAB mass spectra of the solid residue from the reaction of: i) compound 14 and vinyl acetate (100 
eq.) at 60 
o
C, ii) compound 18 and vinyl acetate (100 eq.) at 60 
o
C. 
 
  As expected, no polymerisation took place in the absence of the radical initiator. The 
formation of both the acetate and the acetylacetaldehyde complexes, however, was confirmed 
by the presence of the corresponding molecular peaks in the mass spectra. It can be 
concluded that V-70 does not play a role in their formation, reducing the likelihood of a 
radical mechanism and supporting a Lewis-acid catalysed inter- or intramolecular acylation 
pathway for the formation of acetylacetaldehyde. These results also favour the chromium-
promoted decomposition of the monomer to form acetic acid over an acetate elimination from 
the organometallic species. It is important to note, however, that both these species may be 
the product of several, coexisting transformations.  
 
i) ii) 
 
a 
c 
b 
a 
c 
b 
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4.3  Conclusions 
  The reaction of two molar equivalents of the lithium salt of the relevant salicylaldimine 
compound (L9-L13) with CrCl2(THF)2 in tetrahydrofuran yielded the bis-salicylaldimino 
chromium(II) complexes 14-18 in moderate to good yields. The same reaction carried out 
with the N-
t
Bu substituted compound L11, on the other hand, resulted in the formation of the 
bis-salicylamino species 19 by addition of the butyl group from n-BuLi to the imine carbon 
atom. 
  Complexes 14-19 were tested as mediators in the bulk radical polymerisation of vinyl 
acetate initiated by V-70. At 60 
o
C, a sharp decrease in the polymerisation rate was observed 
in concomitance with the depletion of the radical source, indicating the deactivation of the 
initially dominant degenerative transfer polymerisation mechanism. The polymer growth 
observed after the rate switch was attributed to a reversible termination mechanism, and 
proceeded at a rate proportional to the strength of the chromium-carbon bond estimated with 
respect to the steric and electronic properties of the ligands. Polymerisation experiments run 
at 30 
o
C were characterised by an induction time of 7-9 hours, which is thought to be the time 
necessary for the initiated monomer to oxidise most of the chromium(II) complex into the 
organometallic chromium(III) species. The longer half-life of the radical initiator at this 
temperature resulted in semilogarithmic conversion plots that were linear over an extended 
period of time. A rate switch could however be detected after approximately 170 hours in the 
polymerisation mediated by compound 16. The absence of an induction time in the 
polymerisation mediated by complex 19 may result from a more substantial contribution of 
the OMRP equilibrium. 
  Despite somewhat uneven increases in molecular weight and values about three times as 
large as what was predicted for one polymer chain per metal centre, polydispersities remained 
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below 2 for all complexes. The largest deviation in terms of molecular weight was observed 
with compound 15, with observed values of up to eight-fold the calculated ones. 
  Parallel polymerisation experiments run in the presence of complex 18 and varying initial 
amounts of V-70 showed that, while a higher concentration of radical initiator results in the 
disappearance of the induction time and in a higher polymerisation rate, decreasing [V-70] 
extends the induction time and results in a slower process. The results of this experiment 
agree with the kinetic law for a reversible exchange process, confirming that DT indeed 
operates in this system.  
  The polymerisation of styrene under the same conditions was characterised by an analogous 
mechanistic switch to that observed for vinyl acetate. While the molecular weight increase 
with conversion matched calculated values, polydispersities were large and GPC curves 
bimodal, indicating an ill-defined system. 
  Three independent sets of crystals grown out of the VOAc polymerisation mixture mediated 
by compound 14 showed the formation of both acetate- and acetylacetaldehyde-bound 
octahedral species from the starting complex. Investigation by FAB mass spectrometry 
revealed that analogous species are produced with complexes 15-19, both at 30 and 60 
o
C. 
Acetylacetaldehyde, an isomer of vinyl acetate, is probably formed by a chromium-mediated 
reaction analogous to either the acylation of enol acetates by BF3 or the Fries-rearrangement 
of aryl esters into acyl phenols. Acetic acid is possibly a side product of this process. 
Alternatively, the acetate moiety might result from an elimination reaction from the 
organometallic dormant species. These side reactions effectively result in a decrease in the 
concentration of the OMRP/DT chromium(II) trapping/transfer agent, and are thus thought to 
be responsible for the exceedingly high molecular weights of the isolated poly(vinyl acetate).  
  These side reactions were also shown to be promoted by complexes 14-19 in the absence of 
the radical initiator, V-70, supporting a Lewis-acid catalysed acylation pathway. Mass 
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spectroscopy data provided reasonable evidence of a similar process occurring in the half-
sandwich chromium(II) system previously reported by Poli and co-workers. 
  Much work is still required in order to gain a more complete understanding of the side 
reactions that characterise these systems. Some effort has already been invested in our 
laboratory to extend the isomerisation process to other substrates. In conjunction with 
targeted mechanistic studies, this will hopefully help understand the dynamics of this 
unexpected yet remarkable phenomenon. 
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Chapter 5 
 
 
Influence of the metal centre:  
bis-salicylaldimino Fe(II) and Co(II) 
complexes  
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5.1  Introduction 
  Aside from obvious environmental advantages such as wide availability, low toxicity and 
biocompatibility, iron is gaining increasing popularity for its versatility in catalytic reactions. 
The commercial availability and low cost of many iron salts and complexes has made it a 
common choice for a wide variety of such processes. Over the past couple of decades, its use 
in organic synthesis has significantly increased not only in C-H oxidation catalysis,
[1-9]
 but 
also for C-C bond formation through aldol reactions,
[10-13]
 Michael additions,
[14-20]
 
carbometallations
[21-24]
 and aldehyde allylations.
[25-27]
 
  Iron complexes have also found application in the field of controlled radical polymerisation 
and a number of them were reported to be efficient ATRP catalysts (Figure 5.1).
[28-36]
 
 
 
Figure 5.1  Examples of ATRP-active iron catalysts. 
 
  The salicylaldimino Fe(III) dichloride complexes shown in Figure 5.2 have been previously 
tested in our group for the reverse ATRP of styrene,
[37]
 but were found to promote ill-defined 
polymerisations, characterised by low molecular weights (<2000 Da) and large 
polydispersities (1.93-3.69).  
  Although FeCl3 is among the transition metal chlorides that have been successfully 
employed in the Fries-rearrangement of aryl esters,
[38, 39]
 its iron(II) analogue, FeCl2, was 
found to be inactive.
[40]
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Figure 5.2  Salicylaldimino Fe(II) dichloride complexes previously tested for the reverse ATRP of styrene. 
 
  Because of the propensity of the cobalt-carbon bond to cleave homolytically,
[41-46]
 the 
chemistry of cobalt is closely related to the persistent radical effect (PRE), which rationalises 
the propensity of a transient (R1●) and a persistent radical (R2●) to form the cross coupling 
product (R1-R2) over the self-termination one (R1-R1).
[47, 48]
 A notable example of cobalt-
based radical chemistry is that promoted by the family of compounds related to the coenzyme 
of vitamin B12. Finke’s studies on the seemingly intramolecular benzyl migration within the 
model compound depicted in Scheme 5.1 revealed that the transformation proceeds 
exclusively via intermolecular, freely diffusing radicals.
[49, 50]
 Thermal homolysis of the Co-C 
bond affords equal amounts of persistent cobalt-centred radicals and transient benzyl radicals. 
The former rapidly build up as a result of the self-termination of benzyl radicals, leading to 
highly selective cross-coupling and the cessation of the formation of bibenzyl, which 
ultimately accounts for a negligible fraction of the reaction products (0.001 %). 
 
 
Scheme 5.1  Thermal isomerisation of a coenzyme B12 model complex. 
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  While the PRE displayed by organocobalt complexes has been exploited in organic 
synthesis for transformations such as radical vinylation
[51-54]
 and cyclisation
[55-58]
 reactions, 
cobalt compounds have also received particular attention as potential mediators of radical 
polymerisation processes.
[59]
   Although the first reports on the CMRP of acrylic monomers 
date to the early nineties,
[60, 61]
 it was not until 2005 that the efficiency of cobalt system was 
extended to other monomers, when Jérôme et al. reported Co(acac)2 as an effective mediator 
in the controlled radical polymerisation of vinyl acetate.
[62]
 Although the process was initially 
proposed to occur by a cobalt-mediated reversible trapping mechanism, it was later shown 
that CMRP plays only a minor role in the polymerisation and that the dominating mechanism 
is one based on degenerative transfer (route a, Scheme 5.2). The addition to this system of 
electron donors such as pyridine or triethylamine effectively blocks DT, resulting in a pure 
CMRP process (route b, Scheme 5.2).
[63, 64]
 
 
 
Scheme 5.2  Proposed mechanism for the controlled radical polymerisation of vinyl acetate mediated by 
Co(acac)2, with (b) and without (a) an added electron donor (ED). 
 
  It was later shown that increasing the steric bulk on the ligand, as in the bis(2,2,6,6-
tetramethylhepta-3,5-dionato) analogue, significantly weakens the cobalt-carbon bond of the 
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dormant species, thus increasing the contribution of OMRP.
[65]
 On the other hand, the 
increased steric bulk slowed down the polymerisation with an added electron donor because 
of the even greater effect on the Co-ED bond.  
  Recently, the cobalt porphyrin system (TMP)Co was reported to show a reasonable degree 
of control over the polymerisation of vinyl acetate by a similar combination of mechanistic 
pathways.
[66-68]
 
  Previous UV-VIS studies on cobalt(II) complexes bearing bidentate N-alkyl- and N-aryl 
salicylaldimine ligands suggest that most of these complexes adopt a tetrahedral geometry.
[69-
72]
 Among the exceptions are bis[N-(5-bromosalicylidene)-2,6-diisopropylaniline]Co, which 
was suggested to adopt a square planar arrangement in the solid state (also see Section 
5.2.2.1), and bis(N-methylsalicylaldimino)Co, for which dimerisation effectively results in 
five-coordinated metal centres. Most recently, some of the N-aryl complexes were tested in 
the catalytic oxidation of phenol by Mapolie et al. (Figure 5.3).
[73]
 
 
 
Figure 5.3  Bis-salicylaldimino Co(II) catalysts previously tested for the oxidation of phenol. 
 
  In order to assess the influence of the metal centre on the performance of the bis-
salicylaldimino complexes described in Chapter 4, analogous iron(II) species, as well as two 
known cobalt(II) derivatives, were investigated. The results of these studies are reported in 
the following pages. 
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5.2  Results and discussion  
5.2.1  Bis-salicylaldimino Fe(II) complexes 
5.2.1.1  Synthesis of complexes 20-25 
  Bis-salicylaldimino Fe(II) complexes 20-25 were prepared by reacting FeCl2(THF)1.5 with 
two molar equivalents of the relevant lithiated ligand in THF (Scheme 5.3). The solutions 
were stirred overnight and pentane was used to precipitate the lithium salts. The complexes 
were isolated as orange (21), red (20, 22-24) or purple (25) crystalline solids in good yields 
(61-94 %).  
 
 
Scheme 5.3  Synthesis of bis-salicylaldimino iron(II) complexes 20-25. 
 
  Elemental analysis, positive ion FAB mass spectrometry and solution magnetic moment 
data were consistent with the formation of the bis-chelate, high spin tetrahedral species 
shown in Scheme 5.3. Contact shifted 
1
H NMR spectra recorded for complexes 20-25 were 
not meaningful. 
  Crystals of 20 suitable for X-ray diffraction were grown from cold pentane. The resulting 
solid-state structure shown in Figure 5.4 revealed a distorted tetrahedral arrangement around 
the metal centre, with cis angles in the range 91.24(8)-123.44(8)°. The dihedral angle 
between the planes defined by each salicylaldimine moiety was calculated to be 85
o
, which 
corresponds to a five-degree distortion from an ideal tetrahedral geometry. 
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Figure 5.4  The molecular structure of 20 (one of two independent molecules). Selected bond lengths (Å) and 
angles (
o
): Fe-O(1) 1.9134(16), Fe-O(31) 1.9024(18), Fe-N(7) 2.0153(19), Fe-N(37) 2.033(2), C(7)-N(7) 
1.312(3), C(37)-N(37) 1.305(3), O(1)-Fe-N(7) 92.22(7), O(1)-Fe-N(37) 119.74(8), O(31)-Fe-N(7) 122.75(8), 
O(31)-Fe-N(37) 91.24(8), N(7)-Fe-N(37) 123.44(8), O(1)-Fe-O(31) 109.15(8). 
 
  A solid state structure could also be obtained from crystals grown by cooling a saturated 
solution of complex 22 in pentane. As can be seen in Figure 5.5, the geometry around the iron 
centre is again distorted tetrahedral, with a dihedral angle of 95.5
o
 between the planes defined 
by [Fe, O(1), N(7)] and [Fe, O(1A), N(7A)]. The complex has crystallographic C2 symmetry 
about an axis that bisects the O(1)-Fe-O(1A) and N(7)-Fe-N(7A) angles. The angle between 
the vectors from the chromium atom to C(3) and C(33) was calculated to be 175.8
o
, 
indicating no significant fold component between the ligand planes. Cis angles range from 
93.22(5) to 126.50(7)°, with the most acute being the bite angle of the chelating [N,O] ligand. 
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Figure 5.5  The molecular structure of 22. Selected bond lengths (Å) and angles (
o
): Fe-O(1) 1.9190(11), Fe-
N(7) 2.0584(13), C(7)-N(7) 1.293(2), O(1)-Fe-N(7) 93.22(5), O(1)-Fe-N(7A) 114.55(5), N(7)-Fe-N(7A) 
116.81(8), O(1)-Fe-O(1A) 126.50(7). 
 
5.2.1.2  Vinyl acetate polymerisation 
  Compounds 20-25 were tested as trapping agents in the radical polymerisation of vinyl 
acetate (200 eq., bulk) in the presence of one equivalent of the azo radical source V-70. The 
course of the reactions was followed by 
1
H NMR spectroscopy and GPC. The results for 
experiments run at 60 
o
C are summarised in Table 5.1 and illustrated in Figures 5.6-5.7. 
 
Table 5.1  Polymerisation of vinyl acetate mediated by compounds 20-25 at 60 
o
C. 
 
Complex Time (h) Conv. (%)
a
 Mn
b
 Mn,th
 
 Mw/Mn
b
 
20 24 37 4100 7600 1.49 
21 28 39 6400 8200 1.58 
22 28 38 5800 8000 1.55 
23 28 23 3300 4700 1.41 
24 28 28 4500 5800 1.27 
25 24 31 4000
c
 6400 1.53
c
 
a
 determined by 
1
H NMR in CDCl3; 
b
 determined by GPC in CHCl3; 
c
 bimodal GPC curve. 
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  In the very early stages of the reaction, compounds 20-25 promoted equally fast 
polymerisations (kobs ≈ 0.050 h
-1
). Conversion plateaux were however rapidly reached, and 
after 2-3 hours the reactions were found to stagnate. As for the chromium(II) analogues 14-
18, the nature of the substituents on the salicylaldimino ligand was found to affect the 
conversion ceiling. Complexes bearing tert-butyl groups on the phenol (20-22) reached the 
highest conversions (37, 39 and 38 %, respectively). Removing this bulk, especially in the 
ortho position, potentially improves accessibility to the metal centre and could have a 
strengthening effect upon the iron-carbon bond. Indeed, the curve for complex 25 levelled off 
at 31 % conversion. A similar reduction was produced by the introduction of electron 
withdrawing substituents, such as the chlorine atoms in compound 24 (28 % conversion). As 
for the chromium system, the effect of these characteristics seems to be cumulative, with the 
polymerisation in the presence of compound 23 reaching only 23 % conversion after 28 
hours.  
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Figure 5.6  Plot of the logarithm of conversion v. time for the polymerisation of vinyl acetate carried out at 60 
o
C, with [VOAc]/[cat]/[V-70] = 200/1/1; cat = 20 (♦), 21 (■), 22 (▲), 23 (●), 24 (▲), 25 (■). 
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  Molecular weight distributions were narrower than with the chromium(II) complexes, 
fluctuating between 1.2 and 1.6. Molecular weights were however found to be independent of 
conversion, as is shown in Figure 5.4 for complex 24. 
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 Figure 5.7  Plot of molecular weight v. conversion (full symbols) and evolution of PDI values (empty symbols) 
for the polymerisation of vinyl acetate carried out at 60 
o
C, with [VOAc]/[24]/[V-70] = 200/1/1. The solid line 
represents Mn,th. 
 
  Vinyl acetate polymerisation experiments (200 eq., bulk) initiated by compounds 20-24 and 
one molar equivalent of V-70 were also carried out at 30 
o
C. The results are summarised in 
Table 5.2 and illustrated in Figures 5.7-5.8. 
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Table 5.2  Polymerisation of vinyl acetate mediated by compounds 20-24 at 30 
o
C. 
 
Complex Time (h) Conv. (%)
a
 kobs (h
-1
) Mn
b
 Mn,th Mw/Mn
b
 
20 22 23 0.006
c
 10000 4800 1.35 
 240 50 0.002
d
 6900 10400 2.12 
21 22 15 0.008
c
 10400 3100 1.29 
 168 48 0.002
d
 7600 9900 1.94 
22 22 25 0.005
c
 9200 5300 1.48 
 168 49 0.002
d
 9600 10200 1.94 
23 22 9 0.004
c
 4400 2000 1.19 
 168 30 0.001
d
 3500 6200 1.51 
24 22 13 0.005
c
 6900 2700 1.34 
 168 34 0.001
d
 5000 7100 1.56 
a
 determined by 
1
H NMR in CDCl3; 
b
 determined by GPC in CHCl3; 
c
 between 0 and 60 h; 
d
 above 60 h. 
 
  As expected, lowering the reaction temperature resulted in slower polymerisations. As can 
be seen for complex 20 in Figure 5.7 and for complexes 21-24 in Figure 5.8, however, the 
semilogarithmic evolutions of conversion with time were not merely protracted versions of 
those obtained at 60 
o
C. Unlike at higher temperatures, conversions increased throughout the 
monitored time interval and no plateaux were reached. For all compounds, the curve is 
composed of two linear sections, separated by a switch in the reaction rate after 50 to 60 
hours from the beginning of the polymerisation. As discussed for the chromium system in 
Chapter 4, this junction is thought to correspond to the full consumption of the radical 
initiator and the consequent switch from degenerative transfer to a reversible termination 
mechanism. 
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Figure 5.7  Plot of the logarithm of conversion v. time for the polymerisation of vinyl acetate carried out at 30 
o
C, with [VOAc]/[20]/[V-70] = 200/1/1. 
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 Figure 5.8  Plot of the logarithm of conversion v. time for the polymerisation of vinyl acetate carried out at 30 
o
C, with [VOAc]/[cat]/[V-70] = 200/1/1; cat = 21 (■), 22 (▲), 23 (●), 24 (▲). 
 
  In terms of molecular weights, analysis of the crude polymer by gel permeation 
chromatography revealed similar trends to what was observed at 60 
o
C. Despite moderate 
polydispersities, Mn values were found to be independent of conversion, stagnating or even 
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decreasing with time. A representative example is provided in Figure 5.9, which illustrates 
the evolution of molecular weights and their distribution over the course of the 
polymerisation mediated by complex 23. 
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Figure 5.9  Plot of molecular weight v. conversion (full symbols) and evolution of PDI values (empty symbols) 
for the polymerisation of vinyl acetate carried out at 30 
o
C, with [VOAc]/[23]/[V-70] = 200/1/1. The solid line 
represents Mn,th. 
 
  The formation of acetylacetaldehyde or acetate adducts of complexes 20-25 was not 
supported by the fragmentation pattern observed in the FAB mass spectra of the 
polymerisation mixtures described above. It can be concluded that either these reactions do 
not occur in this system or that these products are formed but do not coordinate to the iron 
centre, possibly undergoing further, unknown reactions. 
 
5.2.1.3  Styrene polymerisation 
5.2.1.3.1  Experiments under OMRP conditions 
  Complexes 20-24 were tested as mediators in the radical polymerisation of styrene (200 eq., 
bulk) in the presence of one equivalent of the azo radical source V-70. Reaction evolutions 
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were monitored by 
1
H NMR spectroscopy and GPC analysis of crude polymer samples, 
which were removed from the system at regular intervals. The results for experiments run at 
60 
o
C are summarised in Table 5.3 and depicted in Figures 5.10-5.13. 
 
Table 5.3  Polymerisation of styrene mediated by compounds 20-24 at 60 
o
C. 
 
Complex Time (h) Conv. (%)
a
 Mn
b
 Mn,th Mw/Mn
b
 
20 6.5 47 10500 9800 3.10 
21 6.5 48 7800 10000 3.24 
 96 61 15200 12700 5.39 
22 6.5 49 7900 10200 3.33 
 96 76 18600 15800 6.07 
23 6.5 44 6800 9200 3.09 
 96 56 11800 11700 6.39 
24 6.5 41 6800 8500 3.43 
 96 59 15000 12300 5.74 
a
 determined by 
1
H NMR in CDCl3; 
b
 determined by GPC in CHCl3; 
c
 between 0 and 60 h; 
d
 above 60 h. 
 
  After an initial period of rapid polymerisation, the activity of complex 20 began to fade and 
a conversion plateau was reached within 10 hours (Figure 5.11). Although molecular weights 
were consistently in line with calculated values, polydispersities showed a sharp increase 
from just under 2 to over 3 as the plateau was reached (Figure 5.12).  
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Figure 5.10  Plot of the logarithm of conversion v. time for the polymerisation of styrene carried out at 60 
o
C, 
with [M]/[20]/[V-70] = 200/1/1. 
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Figure 5.11  Plot of molecular weight v. conversion (full symbols) and evolution of PDI values (empty 
symbols) for the polymerisation of styrene carried out at 60 
o
C, with [styrene]/[20]/[V-70] = 200/1/1. The 
straight line corresponds to Mn,th. 
 
  As can be seen in Figure 5.13, the polymerisation trends observed for compounds 21-24 
differ somewhat from those discussed above. Over a much longer period of time, conversion 
plateaux were also reached, but were preceded by the two-step semilogarithmic increase 
indicative of the previously discussed DT-OMRP switch. 
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Figure 5.12  Plot of the logarithm of conversion v. time for the polymerisation of styrene carried out at 60 
o
C, 
with [styrene]/[cat]/[V-70] = 200/1/1; cat = 21(■), 22(▲), 23(●), 24(▲). 
 
  The molecular weights in the polymerisations mediated by complexes 21-24 were again 
close to the values calculated for one polymer chain per metal centre (Figure 5.11). Rocketing 
polydispersities, however, as well as increasingly bimodal GPC traces, were indicative of ill-
defined processes for all complexes. 
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Figure 5.13  Plot of molecular weight v. conversion for the polymerisation of styrene carried out at 60 
o
C, with 
[styrene]/[cat]/[V-70]=200/1/1; cat = 21(■), 22(▲), 23(●), 24(▲). The straight line corresponds to Mn,th. 
Polydispersity values were omitted for clarity. 
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5.2.1.3.2  Experiments under ATRP conditions 
  As mentioned in Section 5.1, salicylaldimino Fe(III) dichloride complexes were ineffective 
catalysts for the reverse ATRP of styrene. The bis-chelate compound 20 was therefore tested 
for the ATRP of styrene (200 eq., bulk) under inert atmosphere at 120 
o
C, with 1-phenylethyl 
chloride (1-PECl) as the initiator. The course of the reaction was followed by the analysis of 
crude samples of the reaction mixture by 
1
H NMR and GPC to obtain the percent conversion 
and the polymer molecular weight, respectively. 
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Figure 5.14  Plot of the logarithm of conversion v. time for the polymerisation of styrene carried out at 120 
o
C, 
with [M]/[20]/[1-PECl] = 200/1/1. 
 
  The logarithmic increase of conversion with time is shown in Figure 5.14. Conversions 
exceeded 30 % less than one hour from the beginning of the reaction, and followed a linear 
increase up to 65 % over the next 22 hours. As can be seen in Figure 5.15, molecular weights 
lingered around 6000 Da, while PDIs remained close to 2. The consistency of the latter trend 
is surprising, considering that GPC traces develop bimodal character as the polymerisation 
proceeds. 
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 Figure 5.15  Plot of molecular weight v. conversion (full symbols) and evolution of PDI values (empty 
symbols) for the polymerisation of styrene carried out at 120 
o
C, with [M]/[20]/[1-PECl] = 200/1/1. The straight 
line corresponds to Mn,th. 
 
5.2.2  Bis-salicylaldimino Co(II) complexes 
5.2.2.1  Synthesis of complexes 26-27 
  Compounds 26-27 were prepared according to reported procedures.
[73]
 A solution of the 
relevant salicylaldimine compound (L9 or L12, 3 mmol), sodium hydride (3 mmol) and 
Co(II) acetate (1.5 mmol) in 50 ml MeOH was stirred at reflux overnight. The precipitate 
formed was collected by filtration, washed with cold EtOH and dried under reduced pressure. 
Complexes 26 and 27 were obtained in relatively good yields (66 and 74 %, respectively) as 
orange powders. 
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Scheme 5.4  Synthesis of complexes 26-27. 
 
  Elemental analysis and positive ion FAB mass spectrometry were consistent with the 
formation of the bis-chelate species shown in Scheme 5.4.  
  Contact shifted 
1
H NMR spectra were recorded for complexes 26-27 and analysed on the 
basis of integrated signal intensities and parallel correlation spectroscopy (COSY) 
experiments. While the spectrum of compound 26 could not be interpreted satisfactorily, 
assignments for that of complex 27 are shown in Figure 5.16.  
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Figure 5.16  Contact-shifted 
1
H NMR spectrum of complex 27. 
 
  Although the assignment was aided by two-dimensional spectroscopy experiments, only the 
coupling between H
6
 and H
7
 could be identified. The imine proton, as well as one of the 
phenol protons, are presumably either shifted or broadened beyond detection. 
  As the molecular structures of these complexes have not been reported previously, crystals 
suitable for X-ray diffraction analysis were grown by layering ethanol onto a saturated 
solution of the compounds in dichloromethane and allowing slow diffusion to occur.   
  The solid-state structure of 26 is depicted in Figure 5.17. The tetrahedral geometry around 
the metal centre is consistent with the measured solution magnetic moment (μeff = 4.22 BM), 
with a dihedral angle of 95.5
o
 between the planes defined by [Co, O(1), N(7)] and [Co, 
O(31), N(37)]. The angle between the vectors from the chromium atom to C(3) and C(33) 
was calculated to be 147.3
o
, indicating a significant fold component between the ligand 
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planes. Each 2,6-diisopropylphenyl ring is twisted onto a sterically relieved plane, which is 
roughly orthogonal to that defined by the imine and the phenol ring. 
 
 
Figure 5.17  The molecular structure of 26 (hydrogen atoms omitted for clarity). Selected bond lengths (Å) and 
angles (
o
): Co-O(1) 1.8949, Co-O(31) 1.9074, Co-N(7) 1.9854, Co-N(37) 1.9971, C(7)-N(7) 1.307, C(37)-N(37) 
1.295, O(1)-Co-N(7) 95.06, O(31)-Co-N(7) 118.88, O(31)-Co-N(37) 94.93, O(1)-Co-N(37) 112..62, N(7)-Co-
N(37) 125.75, O(1)-Co-O(31) 109.99. 
 
  The molecular conformation of complex 27 is depicted in Figure 5.18. The stereochemistry 
around the metal centre confirms the predictions of Yamada et al. based on a measured solid-
sate magnetic moment of 2.4 BM (S = 1/2).
[74]
 The geometry experiences some degree of 
tetrahedral distortion, with a dihedral angle of 10.8
o
 between the planes defined by the two 
salicylaldimine moieties. As this pushes two of the four bulky iso-propyl groups closer 
together in a molecule that would otherwise be centrosymmetric, the cause is almost certainly 
electronic. The slight twist effectively results in two sterically distinct faces, a feature that 
could conceivably affect the polymerisation reactivity of this complex. That said, the higher 
magnetic moment (μeff = 3.87 BM, S = 3/2) recorded by the Evans’ method suggests that 
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complex 27 adopts a tetrahedral geometry in solution. This is again in agreement with 
previous findings by Yamada and co-workers.
[74]
 
 
 
Figure 5.18  The molecular structure of 27 (hydrogen atoms omitted for clarity). Selected bond lengths (Å) and 
angles (
o
): Co-O(21) 1.8205, Co-O(1) 1.8279, Co-N(27) 1.9184, Co-N(7) 1.9221, C(7)-N(7) 1.295, C(27)-N(27) 
1.295, O(21)-Co-N(27) 92.96, O(1)-Co-N(27) 87.26, O(21)-Co-N(7) 87.89, O(1)-Co-N(7) 92.94, N(7)-Co-
N(27) 171.40, O(1)-Co-O(21) 173.00, tetrahedral distortion (dihedral angle) 11. 
 
5.2.2.2  Vinyl acetate polymerisation 
5.2.2.2.1  Bulk experiments 
  Compounds 26-27 were tested as mediators for the radical polymerisation of vinyl acetate 
(200 eq., bulk) with V-70 (1 eq.) as the radical initiator. Conversion and molecular weight 
data for experiments run at 60 
o
C are presented in Table 5.4 and plotted in Figures 5.19-5.20. 
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Table 5.4  Polymerisation of vinyl acetate mediated by compounds 26-27 at 60 
o
C. 
 
Complex Time (h) Conv. (%)
a
 kobs (h
-1
) Mn
b
 Mn,th
 
 Mw/Mn
b
 
26 1.25 88 1.73 50600 15200 1.59 
27 2.75 79 0.700
d
/0.245
e
 29900 13600 1.98 
a
 determined by 
1
H NMR in CDCl3; 
b
 determined by GPC in CHCl3; 
c
 bimodal GPC curve; 
d
 t = 0-1.5 
 h; 
e
 t = 1.5-3 h. 
 
  With compound 26, polymerisation was fast, and high conversions were reached before full 
consumption of the radical initiator. As was observed for the chromium(II) and iron(II) 
species, the substitution pattern of ligand L12 resulted in a slower performance of the 
corresponding complex, 27, which extended propagation beyond the lifetime of V-70 and 
revealed what looks like a mechanistic switch to OMRP (1.5 h, 71 % conversion). 
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Figure 5.19  Plot of the logarithm of conversion v. time for the polymerisation of vinyl acetate carried out at  
60 
o
C, with [VOAc]/[cat]/[V-70] = 200/1/1; cat = 26(♦), 27(♦). 
 
  Molecular weights were found to be consistently above calculated values, particularly for 
complex 26, with final values over four times greater than expected for the system’s 
stoichiometry. Polydispersity indices remained around 2 throughout the polymerisation 
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mediated by 27. Complex 26 exhibited a similar trend apart from the final sample (collected 
at 85 % conversion), which showed a sharp increase in Mn accompanied by an abrupt 
decrease in polydispersity. The reasons for this behaviour are not yet understood. 
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Figure 5.20  Plot of molecular weight v. conversion (full symbols) and evolution of PDI values (empty 
symbols) for the polymerisation of vinyl acetate carried out at 60 
o
C, with [VOAc]/[cat]/[V-70]=200/1/1; cat = 
26(♦), 27(♦). The straight line corresponds to Mn,th. 
 
  Vinyl acetate polymerisation experiments (200 eq., bulk) initiated by compounds 26-27 and 
one molar equivalent of V-70 were also carried out at 30 
o
C. The results are summarised in 
Table 5.5 and illustrated in Figures 5.21-5.22. 
 
Table 5.5  Polymerisation of vinyl acetate mediated by compounds 26-27 at 30 
o
C. 
 
Complex Time (h) Conv. (%)
a
 kobs (h
-1
) Mn
b
 Mn,th
 
 Mw/Mn
b
 
26 6 60 0.160 149400 10300 1.56 
27 24 74 0.056 76500 12700 1.37 
a
 determined by 
1
H NMR in CDCl3; 
b
 determined by GPC in CHCl3; 
c
 bimodal GPC curve. 
 
  At 30 
o
C, polymerisation rates decreased by about 90 %, a similar reduction to that observed 
with the Cr(II) analogues described in Chapter 4. The semilogarithmic increase in conversion 
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was linear for both compounds, indicating a constant radical concentration throughout the 
process. Unlike the chromium system, however, propagation started immediately and no 
induction time was observed. 
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Figure 5.21 Plot of the logarithm of conversion v. time for the polymerisation of vinyl acetate carried out at  
30 
o
C, with [VOAc]/[cat]/[V-70] = 200/1/1; cat = 26(♦), 27(♦). 
 
  The evolution of molecular weights and PDIs with respect to conversion is shown in Figure 
5.20. Again, the polymerisation mediated by 26 showed the largest deviation from Mn,th, with 
molecular weights exceeding 100,000 Da even at low conversions. Complex 27 was 
characterised by a more regular increase in Mn, as well as significantly lower values. 
Polydispersity indices, although as small as 1.11 at low conversions, were found to steadily 
increase up to 2.0 and 1.6 for 26 and 27, respectively. As observed for complex 26 at 60 
o
C, 
molecular weights increased sharply while PDIs dropped as the reactions approached 
completion. In light of its recurrence, future research into this phenomenon is warranted. 
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Figure 5.22  Plot of molecular weight v. conversion (full symbols) and evolution of PDI values (empty 
symbols) for the polymerisation of vinyl acetate carried out at 30 
o
C, with [VOAc]/[cat]/[V-70]=200/1/1; cat = 
26(♦), 27(♦). The straight line corresponds to Mn,th. 
 
  As with the iron(II) compounds, FAB mass spectra of the polymerisation mixtures 
containing complexes 26 and 27 gave no support to the formation of acetylacetaldehyde or 
acetate, meaning that these are either not produced or simply less susceptible to coordination 
to the cobalt centre. 
 
5.2.2.2.2  Experiments with pyridine 
  As discussed in Chapter 4, electron donors can help prevent associative exchange by 
binding to one of the two available sites on the tetracoordinated transfer agent. The 
propensity of bis-salicylaldimino Co(II) complexes to form pentacoordinated species in the 
presence of pyridine has been studied previously;
[75-77]
 it was concluded that the propensity 
for coordination is linked to the strength of the ancillary ligand field, and that complex 27 
only exists as the five-coordinated adduct when dissolved in pyridine.
[74]
 In an attempt to 
block the dominant degenerative exchange and achieve polymerisation by an uncontaminated 
OMRP process, pyridine was added to the polymerisation mediated by complex 27. 
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  The results for the polymerisation of vinyl acetate (200 eq., bulk) initiated by 27/V-70 (1:1) 
with and without pyridine (3 eq.) at 60 
o
C are plotted in Figures 5.23-5.24. 
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Figure 5.23  Plot of the logarithm of conversion v. time for the polymerisation of vinyl acetate mediated by 
compound 27 at 60 
o
C, with [VOAc]/[cat]/[V-70]/[py] = 200/1/1/0(♦),  200/1/1/3(♦). 
 
  In the presence of the electron donor, the reaction rate abruptly decreased after 3 h (55 % 
conv.) from kobs = 0.136 to kobs = 0.006, although conversions continued to increase in a 
linear fashion. The rapid chain growth observed in the initial stages of the process is 
attributed to degenerative transfer, and may be explained by a delay in the formation of the 
pyridine adduct of 27, which is thought to mediate the rest of the polymerisation by a 
reversible trapping mechanism.  
  While polydispersities were not affected by the addition of pyridine (PDI = 1.81-2.19), 
molecular weights remained around 15000 Da throughout the studied polymerisation interval 
(Figure 5.22). 
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Figure 5.24  Plot of molecular weight v. conversion (full symbols) and evolution of PDI values (empty 
symbols) for the polymerisation of vinyl acetate carried out at 60 
o
C, with [VOAc]/[27]/[V-70]=200/1/1; ♦ = 
without pyridine, ♦ = with 3 eq. pyridine. The straight line corresponds to Mn,th. 
 
  The interaction between complex 27 and pyridine can also be observed by spectroscopic 
methods. In the contact shifted 
1
H NMR spectrum shown in Figure 5.25, the signals for the 
salicylaldimine moiety are clearly shifted in the presence of 3 equivalents of the electron 
donor, suggesting significant coordination of the latter to the chromium centre. 
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Figure 5.25  Contact-shifted 
1
H NMR spectra of 27; a) without pyridine, b) with 3 eq. pyridine. 
 
5.3  Conclusions  
  In an extension of the study presented in Chapter 4 on transition metal complex for CRP, a 
series of bis-salicylaldimino iron(II) (20-25) and cobalt(II) (26-27) complexes were 
synthesised by reacting the relevant deprotonated salicylaldimine with FeCl2(THF)1.5 and 
Co(OAc)2·4H2O, respectively. 
  At 60 
o
C, the polymerisation of vinyl acetate mediated by compounds 20-25 and initiated by 
V-70 was fast during the first hour, but stopped abruptly at low to moderate conversions. 
“Top-out” conversions were found to be linked to the ligands’ steric and electronic 
properties, and were somewhat lowered by both the addition of electron-withdrawing 
substituents and the removal of bulk on the ligands’ phenol rings. Although higher monomer 
conversions were reached at 30 
o
C, Mn values were found to stagnate throughout the process. 
a) 
b) 
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  Despite a linear increase of molecular weights with conversion, the polymerisation of 
styrene mediated by 20-24/V-70 was ill-defined, and characterised by bimodal GPC curves 
and large polydispersities. Complex 20 was also found to be a poor catalyst in the ATRP of 
styrene initiated by 1-PECl. 
  In the bulk polymerisation of vinyl acetate, compound 27 was found to promote a 
significantly slower reaction than its bulkier analogue, 26, revealing the mechanistic switch to 
OMRP associated with the complete consumption of the radical initiator. Conversion trends 
at 30 
o
C recall those for the chromium system described in Chapter 4, with the noticeable 
absence of an induction period. While PDIs were somewhat improved at lower temperatures, 
molecular weights remained substantially above calculated values, particularly with complex 
26. 
  In order to inhibit associative exchange, pyridine was added to the polymerisation of vinyl 
acetate mediated by complex 27. Although rapid DT polymerisation was observed in the 
early stages of the process, the slower growth of the polymer chains that followed was 
attributed to a reversible termination mechanism mediated by the five-coordinated pyridine 
adduct of 27.  
  No evidence to support the presence of the monomer rearrangement product, acetaldehyde, 
or acetic acid could be gathered either for complexes 20-25 or for the cobalt species 26-27, 
indicating that these products are most probably not formed within these systems. 
  The mechanistic intricacies exposed by the results presented in this and the previous chapter 
warrant further, targeted studies. A more extensive investigation into the electronic and steric 
effects of the ligand substituents on the polymerisation outcome represents an area of 
research with, we believe, considerable potential. 
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6.1  General remarks 
  All manipulations of air and/or moisture sensitive compounds were carried out under 
nitrogen using standard Schlenk and cannula techniques, or in a nitrogen-filled glove box. 
Elemental analyses were performed by the microanalytical service of the Chemistry 
Department at London Metropolitan University. Crystal diffraction data were collected on 
Bruker P4 and Oxford Diffraction Xcalibur 3 or PX Ultra diffractometers by Dr Andrew J. P. 
White at Imperial College London. NMR spectra were recorded on Bruker AV400 (
1
H, 400.3 
MHz; 
13
C, 100.7 MHz) and DRX400 (
1
H, 400.1 MHz; 
13
C, 100.6 MHz) spectrometers at 293 
± 2 K. Chemical shifts δ are indicated in parts per million (ppm) relative to the solvent’s 
residual signal and coupling constants J are given in Hertz. The following abbreviations were 
used for multiplicities: s (singlet), d (doublet), dd (doublet of doublets), t (triplet), sept 
(septet), m (unresolved multiplet), br (broad). Proton correlation (COSY) spectra were 
recorded in case of doubtful assignment of the 
1
H NMR signals. Infra-red spectra were 
obtained as nujol mulls or as KBr discs on a Perkin-Elmer 1710X FT-IR spectrometer. FAB 
(Fast Atom Bombardment), EI (Electron Ionisation) and CI (Chemical Ionisation) mass 
spectra were recorded on Micromass AutoSpec Premier and VG Platform spectrometers at 
Imperial College London. GPC data for polymer samples were collected using the Cirrus 
GPC/SEC software, Version 1.11, connected to a Shodex RI-101 detector, and were 
referenced to polystyrene/poly(methyl methacrylate) standards (PolymerLabs EasiCal). 
Samples were injected onto two linear 10 micron columns, using chloroform as the eluent, at 
a flow rate of 1.0 cm
3
min
-1
 at 35 °C. GC traces were recorded on an AGILENT 6890 Series 
GC System+ apparatus equipped with a 7683 Series injector.  
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6.2  Solvents and reagents 
  Pentane, toluene and heptane were dried by passing through a cylinder filled with 
commercially available Q-5 catalyst (13% Cu
I
 oxide on Al2O3) and activated Al2O3 (3 mm, 
pellets) in a stream of nitrogen. Other solvents were dried by refluxing over an appropriate 
drying agent and distilling: diethyl ether (Et2O) and tetrahydrofuran (THF) were dried using 
sodium benzophenone ketyl, whilst dichloromethane (CH2Cl2) was dried over calcium 
hydride. All solvents were degassed prior to use. Styrene, MMA and vinyl acetate were 
stirred over calcium hydride for 24 hours, vacuum-transferred, degassed and stored in an inert 
atmosphere at -35 
o
C. 1-PECl and EBrB were stirred over calcium hydride for 24 hours, 
vacuum-transferred, degassed and stored over 3 Å molecular sieves in an inert atmosphere at 
-35 
o
C. FeCl2(THF)1.5 and CrCl2(THF)2 were prepared according to literature procedures.
[1, 2]
 
All amines and anilines were freshly distilled before use. All other reagents are commercially 
available and were used without further purification. 
 
6.3  Polymerisation procedures 
  All polymerisation reactions were set up and performed under a nitrogen atmosphere, in a 
glass ampoule fitted with a Teflon stopcock and equipped with a magnetic stirrer bar. The 
metal complex, monomer and initiator were added to the ampoule and the mixtures stirred in 
oil or sand baths at the required temperature for the allotted period of time. Conversion was 
determined by integration of monomer v. polymer backbone resonances in the 
1
H NMR 
spectrum of the crude product (in CDCl3). Polystyrene and poly(methyl methacrylate) 
samples were purified by dropwise addition of a THF solution of the crude material in rapidly 
stirred acidified methanol (1 % HCl v/v). Poly(vinyl acetate) was purified by dropwise 
addition of a THF solution of the crude material in rapidly stirred pentane. End group 
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analysis was performed on the dried, worked-up material by 
1
H NMR and COSY 
spectroscopy. Samples were analysed by GPC. 
 
6.4  General procedure for alkyl decomposition experiments 
R
[N,N]FeCl3 (0.5 mmol) was dissolved in 20 ml THF and the solution cooled to -78 
o
C. One 
equivalent of BnMgCl (solution in THF, 20 %) was added and, as the mixture was allowed to 
warm, 1 ml aliquots were removed and quenched with water at a range of temperatures. Each 
sample was filtered through basic alumina and immediately analysed by GC. 
 
6.5  Magnetic susceptibility measurements 
6.5.1  Evans’ NMR method 
  According to Evans’ NMR method,[3] 2-5 mg of metal complex were dissolved in 1 ml of a  
mixture of deuterated chloroform and dichloromethane (9/1 v/v). A portion of this solution 
was transferred into a melting point capillary tube, placed into a NMR tube containing the 
CDCl3/CH2Cl2 mixture and the spectrum recorded at 298 K.  The chemical shift difference 
(Δf) for the dichloromethane protons between the inner and outer tubes was used to calculate 
the magnetic susceptibility, χm, according to Equation 6.1: 
χm = 3*Δf(1000*f*c)
-1
                                                       (6.1) 
where  χm is the magnetic susceptibility of the sample in m
3
/mol 
Δf is the difference in chemical shifts in Hz 
f is the frequency of the operation of the spectrometer in Hz 
c is the concentration of the sample in m/l 
  This can be used in Equation 6.2 to calculate the magnetic moment, μeff, of a paramagnetic 
atom in a complex. All constants are given in SI units. 
μeff = 798*(T*χm)
1/2
                                                             (6.2) 
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where   μeff is the magnetic moment in Bohr Magnetons (BM) 
   T is the temperature in K 
χm is the magnetic susceptibility in m
3
/mol 
  For all measurements the diamagnetic contributions of the ligands were neglected.  The 
theoretical spin-only value for the magnetic moment of a paramagnetic atom can be 
calculated using Equation 6.3: 
μeff = (n(n+2))
1/2
                                                      (6.3) 
where   μeff is the magnetic moment in Bohr Magnetons (BM) 
n is the number of unpaired electrons 
 
6.5.2  Magnetic susceptibility balance (Gouy balance) 
  Solid state magnetic moment values were obtained by measurements on a Gouy balance. 
The metal complex was tightly packed to about 2.5 cm of the length of an appropriate vial. 
The mass susceptibility can be calculated from the balance reading according to Equation 6.4: 
χg = [C*l*(R-R0)]/(10
9
*m)                                                     (6.4) 
where  χg is the mass susceptibility of the sample in c.g.s. units 
C = 1.089 is the dimensionless calibration constant 
l is the sample length in cm 
R is the balance reading 
R0 is the empty tube reading 
m is the sample mass in g 
  This value can then be converted to the molar susceptibility χm using Equation 6.5: 
χm = χg*MW                                    (6.5) 
where  χm is the molar susceptibility of the sample in m
3
/mol 
MW is the molecular weight of the sample in g/mol 
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  Next, in order to get a value that is related to the number of unpaired electrons pulling the 
sample into the magnetic field, the effect of all diamagnetic pairs repelling it must be 
subtracted to give the corrected molar susceptibility, χ’m. Diamagnetic correction tables can 
be found in most chemistry databooks. 
  The effective magnetic moment μeff can then be derived from Equation 6.6: 
μeff = (8* χ’m*T)
1/2 
                                                        (6.6) 
where   μeff is the magnetic moment in Bohr Magnetons (BM) 
T is the temperature in K 
  Finally, Equation 6.7 allows the calculation of the spin-only value for the magnetic moment 
of the paramagnetic metal atom: 
μeff = (n(n+2))
1/2
                                                 (6.7) 
where   μeff is the magnetic moment in Bohr Magnetons (BM) 
n is the number of unpaired electrons 
 
6.6  Experimental details for Chapter 2   
6.6.1  Synthesis of α-diimine ligands L4-L6 
  Compounds L4 and L6 were reported by Cowley et al. while this study was in progress, 
using a different synthetic procedure.
[4]
 Characterisation data other than X-ray diffractometry, 
if obtained, was not disclosed and therefore cannot be compared with what is reported herein. 
 
  Synthesis of 
t
Bu-BIAN, L4. TiCl4 (1M in CH2Cl2, 26.40 ml, 26.4 mmol) was added 
dropwise to a suspension of acenaphthenequinone (4.01 g, 22 mmol) in 100 ml 
dichloromethane. The mixture was cooled in an ice bath and tert-butylamine (10.50 ml, 176 
mmol) was added dropwise. The suspension was stirred at room temperature for 4 h. Water 
was added in order to neutralise the unreacted TiCl4 and the precipitate was removed by 
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filtration. The organic layer was dried over Na2SO4, filtered and the solvent evaporated. The 
crude ligand was recrystallised from Et2O to give an off-white solid (3.86 g, 60 %). Anal. 
Calc. for C20H24N2: C 82.15, H 8.27, N 9.58. Found: C 82.07, H 8.22, N 9.54. MS (+CI) 
(m/z): [M+H]
+
 = 293. 
1
H NMR (400 MHz, CDCl3, 295 K) δ 1.65 (s, 18H, CH3), 7.64 (d, 2H, 
Ar-H, J = 6.94), 7.88 (dd, 4H, Ar-H, J = 6.90, 7.22), 7.97 (d, 2H, Ar-H, J = 7.21). 
13
C NMR 
(400 MHz, CDCl3, 295 K) δ 30.01 (CH3), 56.92 (CCH3), 117.95, 125.03, 126.58, 126.83, 
127.54, 128.06, 129.62, 131.00, 137.72, 140.16 (Ar-C), 155.48, 158.92 (C=N). IR/cm
-1
 
(C=N) 1652m. 
 
  Synthesis of Cy-BIAN, L5.  Ligand L5 was prepared as for L4, using cyclohexylamine 
(20.13 ml, 176 mmol). Recrystallisation of the crude product from Et2O gave a brown solid 
(3.71 g, 49 %). Anal. Calc. for C24H28N2: C 83.68, H 8.19, N 8.13. Found: C 83.57, H 8.19, N 
8.06. MS (+CI) (m/z): [M+H]
+
 = 345. 
1
H NMR (400 MHz, CDCl3, 295 K) δ 1.23-2.01 (m, 
20H, CH2), 4.39 (m, 1H, N=CH), 5.40 (m, 1H, N=CH), 7.58-7.69 (m, 2H, Ar-H), 7.81-7.99 
(m, 4H, Ar-H). IR/cm
-1
 (C=N) 1648m. 
 
  Synthesis of Ad-BIAN, L6.  Ligand L6 was prepared as for L4, using adamantylamine 
(26.62 g, 176 mmol). Recrystallisation of the crude product from Et2O gave a light brown 
solid (3.95 g, 40 %). Anal. Calc. for C32H36N2: C 85.67, H 8.09, N 6.24. Found: C 85.73, H 
7.98, N 6.14. MS (+CI) (m/z): [M+H]
+
 = 449. 
1
H NMR (400 MHz, CDCl3, 295 K) δ 1.69-
2.36 (m, 30H, Ad-H), 7.62-8.26 (m, 6H, Ar-H). 
13
C NMR (400 MHz, CDCl3, 295 K) δ 29.72, 
29.96, 30.17 (Ad-CH), 36.39, 36.58, 36.74 (Ad-CH2), 40.99, 41.56, 41.65 (Ad-CH2), 117.86, 
118.71, 125.74, 126.49, 126.75, 127.18, 127.41, 127.82, 128.05, 128.65 (Ar-C), 155.88 
(C=N). IR/cm
-1
 (C=N) 1654m. 
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6.6.2  Synthesis of Fe
II
 complexes 1-5 
  The synthesis of aryl-BIAN compounds L1-L2 was carried out as previously reported.
[5]
 
  Synthesis of (DiPP-BIAN)FeCl2, 1.  Ligand L1 (1.00 g, 2 mmol) was added to a solution 
of FeCl2(THF)1.5 (0.470 g, 2 mmol) in 50 ml dichloromethane and the mixture was stirred at 
room temperature overnight. The supernatant was transferred into another flask, reduced to 
about half the volume and the complex was precipitated by addition of pentane. The green 
solid was filtered and dried under vacuum (0.802 g, 64 %). Anal. Calc. for C36H40Cl2FeN2: C 
68.91, H 6.43, N 4.46. Found: C 69.03, H 6.33, N 4.44. MS (+FAB) (m/z): [M]
+
 = 626, 
[LFeCl]
+
 = 591. 
1
H NMR (400 MHz, CDCl3, 295 K) δ -16.53 (br s, 2H, Ar-H), -1.90 (br s, 
12H, CH3), 0.56 (br s, 2H, Ar-H), 2.43 (br s, 12H, CH3), 3.04 (br s, 2H, Ar-H), 7.19 (br s, 4H, 
Ar-H / CH(CH3)2), 7.49 (br s, 4H, Ar-H / CH(CH3)2), 11.90 (br s, 2H, Ar-H). μeff = 4.90 BM. 
IR/cm
-1
 (C=N) 1647m. 
 
  Synthesis of (Mes-BIAN)FeCl2, 2.  Complex 2 was synthesised as for 1, using ligand L2 
(0.832 g, 2 mmol) and FeCl2(THF)1.5 (0.470 g, 2 mmol). Precipitation with pentane, filtration 
and drying gave a dark brown solid (0.891 g, 82 %). Anal. Calc. for C30H28Cl2FeN2: C 66.32, 
H 5.19, N 5.16. Found: C 66.25, H 5.08, N 4.99. MS (+FAB) (m/z): [M-Cl]
+
 = 507. 
1
H NMR 
(400 MHz, CDCl3, 295 K) δ -2.12 (br s, 2H, Ar-H), 0.17 (br s, 2H, Ar-H), 6.22 (br s, 4H, Ar-
H), 12.93 (br s, 2H, Ar-H), 14.79 (br s, 12H, CH3), 15.65 (br s, 6H, CH3). μeff = 4.88 BM. 
IR/cm
-1
 (C=N) 1624m. Crystal data: C20H24Cl2FeN2, M = 419.16, monoclinic, P2 (1), a = 
10.7478(2) Å, b = 17.1303(2) Å, c = 11.6022(2) Å, α = 90°, β = 112.938°, γ = 90°, V = 
1967.21(5) Å
3
, Z = 4, Dcalc = 1.415 g/cm
3, μ(Mo-Kα) = 1.043 mm-1, T = 173(2) K, very dark 
blocks, size = 0.34 x 0.28 x 0.25 mm
3
; 30740 collected reflections, F
2
, R1 = 0.0279, wR2 = 
0.0700, 5788 observed reflections [|F| > 4σ|F|], 226 parameters.  
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  Synthesis of (
t
Bu-BIAN)FeCl2, 3.  Complex 3 was synthesised as for 1, using ligand L4 
(0.585 g, 2 mmol) and FeCl2(THF)1.5 (0.470 g, 2 mmol). Precipitation with pentane, filtration 
and drying gave a blue-green solid (0.687 g, 82 %). Anal. Calc. for C20H24Cl2FeN2: C 57.31, 
H 5.77, N 6.68. Found: C 57.23, H 5.85, N 6.75. MS (+FAB) (m/z): [M-Cl]
+
 = 383. 
1
H NMR 
(400 MHz, CDCl3, 295 K) δ -10.55 (br s, 18H, CH3), 3.06 (br s, 2H, Ar-H), 3.82 (br s, 2H, 
Ar-H), 16.43 (br s, 2H, Ar-H). μeff = 4.98 BM. IR/cm
-1
 (C=N) 1623m. Crystal data: 
C30H28Cl2FeN2∙C5H12, M = 615.44, orthorhombic, Pcca, a = 16.664(2) Å, b = 11.3680(19) Å, 
c = 17.324(3) Å, α = 90°, β = 90°, γ = 90°, V = 3281.9(8) Å3, Z = 4, Dcalc = 1.246 g/cm
3
, 
μ(Mo-Kα) = 0.648 mm-1, T = 173(2) K, orange plates, size = 0.24 x 0.15 x 0.03 mm3; 46220 
collected reflections, F
2
, R1 = 0.0523, wR2 = 0.1340, 3626 observed reflections [|F| > 4σ|F|], 
226 parameters.  
 
  Synthesis of (Cy-BIAN)FeCl2, 4.  Complex 4 was synthesised as for 1, using ligand L5 
(0.689 g, 2 mmol) and FeCl2(THF)1.5 (0.470 g, 2 mmol). Precipitation with pentane, filtration 
and drying gave a green solid (0.528 g, 56 %). Anal. Calc. for C24H28Cl2FeN2: C 61.17, H 
5.99, N 5.94. Found: C 61.25, H 6.01, N 5.95. MS (+FAB) (m/z): [M]
+
 = 470, [LFeCl]
+
 = 
437. 
1
H NMR (400 MHz, CDCl3, 295 K) δ -41.16 (br s, 4H, CH2), -19.36 (br s, 4H, CH2), -
11.24 (br s, 2H, CH2), -9.72 (br s, 4H, CH2), -5.83 (br s, 4H, CH2), -4.97 (br s, 2H, CH2), 0.07 
(br s, 2H, Ar-H), 0.91 (br s, 2H, Ar-H), 14.89 (br s, 2H, Ar-H), 133.94 (br s, 2H, NCH). μeff = 
4.95 BM. IR/cm
-1
 (C=N) 1629m. 
 
  Synthesis of (Ad-BIAN)FeCl2, 5.  Complex 5 was synthesised as for 1, using ligand L6 
(0.897 g, 2 mmol) and FeCl2(THF)1.5 (0.470 g, 2 mmol). Precipitation with pentane, filtration 
and drying gave a green solid (0.863 g, 75 %). Anal. Calc. for C32H36Cl2FeN2: C 66.80, H 
6.31, N 4.87. Found: C 66.72, H 6.26, N 4.75. MS (+FAB) (m/z): [M]
+
 = 574, [LFeCl]
+
 = 
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539. 
1
H NMR (400 MHz, CDCl3, 295 K) δ -22.79 (6H, br s, CH2), -9.28 (2H, br s, CH2), -
6.50 (2 H, br s, CH2), -4.24 (2H, br s, CH2), 3.87 (1H, br s, CH), 4.98 (1H, br s, Ar-H), 5.32 
(1H, br s, Ar-H), 7.31 (2H, br s, CH), 16.81 (1H, br s, Ar-H). μeff = 4.74 BM. IR/cm
-1
 (C=N) 
1636m. 
 
  Synthesis of (Ph-BIAN)2FeCl2, 6.  Ligand L3 (0.664 g, 2 mmol) was added to a suspension 
of FeCl2(THF)1.5 (0.470 g, 2 mmol) in 50 ml THF, and the mixture stirred overnight at 60 
o
C. 
The complex was precipitated by adding pentane, isolated by filtration and dried under 
vacuum as a green solid (0.111 g, 7 %). MS (+FAB) (m/z): [M]
+
 = 790, [L2FeCl]
+
 = 755, 
[L2Fe]
+
 = 720, [LFeCl2]
+
 = 464, [LFeCl]
+
 = 423. 
1
H NMR (400 MHz, CDCl3, 295 K) δ -
14.24 (br s, 2H, Ar-H), -8.39 (br s, 2H, Ar-H), 3.51 (br s, 2H, Ar-H), 8.43 (br s, 6H, Ar-H), 
12.58 (br s, 4H, Ar-H). Crystal data for [L2FeCl2][FeCl4]
-
[CH2Cl2]: C49H34Cl8Fe2N4, M = 
1074.10, monoclinic, Ia, a = 20.910(2) Å, b = 8.2979(4) Å, c = 26.652(11) Å, α = 90°, β = 
90.523(16)°, γ = 90°, V = 4624(2) Å3, Z = 4, Dcalc = 1.543 g/cm
3, μ(Mo-Kα) = 1.130 mm-1, T 
= 173 K, deep red needles, size = 0.32 x 0.08 x 0.07 mm
3
; 33431 collected reflections, F
2
, R1 
= 0.0324, wR2 = 0.0750, 9946 observed reflections [|Fo| > 4σ|Fo|], 592 parameters. 
 
6.7  Experimental details for Chapter 3 
6.7.1  Synthesis of Fe
III
 complexes 7-11  
  Synthesis of (DiPP-BIAN)FeCl3, 7.  FeCl3 (0.097 g, 0.6 mmol) and ligand L1 (0.300 g, 0.6 
mmol) were dissolved in 30 ml dichloromethane and the mixture stirred in a light-proof 
container at room temperature. After 1 h, the solvent was removed under vacuum. The brown 
solid washed three times with 20 ml pentane and dried under vacuum (0.322 g, 81 %). Anal. 
Calc. for C36H40Cl3FeN2: C 65.22, H 6.08, N 4.23. Found: C 65.16, H 5.97, N 4.18. MS 
(+FAB) (m/z): [M-Cl]
+
 = 626. μeff = 5.78 BM. IR/cm
-1
 (C=N) 1636m. 
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  Synthesis of (Mes-BIAN)FeCl3, 8.  Complex 8 was synthesised as for 7, using ligand L2 
(0.250 g, 0.6 mmol) and FeCl3 (0.097 g, 0.6 mmol). A brown solid was isolated (0.167 g, 48 
%). Anal. Calc. for C30H28Cl3FeN2: C 62.26, H 4.88, N 4.84. Found: C 62.15, H 4.77, N 4.75. 
MS (+FAB) (m/z): [M-Cl]
+
 = 542, [M-2Cl]
+
 = 507. μeff = 5.69 BM. IR/cm
-1
 (C=N) 1638m. 
 
  Synthesis of (
t
Bu-BIAN)FeCl3, 9.  Complex 9 was synthesised as for 7, using ligand L4 
(0.175 g, 0.6 mmol) and FeCl3 (0.097 g, 0.6 mmol). A green crystalline solid was isolated 
(0.224 g, 82 %). Anal. Calc. for C20H24Cl3FeN2: C 52.84, H 5.32, N 6.16. Found: C 52.91, H 
5.35, N 6.24. MS (+FAB) (m/z): [M-Cl]
+
 = 418, [M-2Cl]
+
 = 383. μeff = 4.82 BM. IR/cm
-1
 
(C=N) 1635m. 
 
  Synthesis of (Cy-BIAN)FeCl3, 10.  Complex 10 was synthesised as for 7, using ligand L5 
(0.207 g, 0.6 mmol) and FeCl3 (0.097 g, 0.6 mmol). A green solid was isolated (0.245 g, 81 
%). Anal. Calc. for C24H28Cl3FeN2: C 56.89, H 5.57, N 5.53. Found: C 56.78, H 5.50, N 5.55. 
MS (+FAB) (m/z): [M-Cl]
+
 = 470, [M-2Cl]
+
 = 435. μeff = 5.00 BM. IR/cm
-1
 (C=N) 1640m. 
 
  Synthesis of (Ad-BIAN)FeCl3, 11.  Complex 11 was synthesised as for 7, using ligand L6 
(0.269 g, 0.6 mmol) and FeCl3 (0.097 g, 0.6 mmol). A green solid was isolated (0.176 g, 48 
%). Anal. Calc. for C32H36Cl3FeN2: C 62.92, H 5.94, N 4.59. Found: C 63.00, H 5.97, N 4.49. 
MS (+FAB) (m/z): [M-Cl]
+
 = 574, [M-2Cl]
+
 = 539. μeff = 4.93 BM. IR/cm
-1
 (C=N) 1635m. 
 
6.7.2  Synthesis of benzylimine Fe
III
 complexes 12-13  
  Synthesis of [(C6H5)CH=N(C6H11)]FeCl3, 12.  FeCl3 (0.097 g, 0.6 mmol) and L7 (0.112 g, 
0.6 mmol) were dissolved in 30 ml dichloromethane and the mixture stirred in a light-proof 
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container at room temperature. After 1 h, the solvent was removed under vacuum. The brown 
solid was washed three times with 20 ml pentane and dried under vacuum (0.159 g, 76 %). 
Anal. Calc. for C36H40Cl3FeN2: C 44.68, H 4.90, N 4.01. Found: C 44.69, H 5.00, N 4.08. MS 
(+FAB) (m/z): [L-H]
+
 = 188. μeff = 4.76 BM. 
 
  Synthesis of [(p-NMe2-C6H5)CH=N(C6H11)]FeCl3, 13.  Complex 13 was synthesised as 
for 12, using L8 (0.138 g, 0.6 mmol) and FeCl3 (0.097 g, 0.6 mmol). The compound was 
isolated as a red-brown solid (0.120 g, 51 %). Anal. Calc. for C15H22Cl3FeN2: C 45.89, H 
5.65, N 7.14. Found: C 46.00, H 5.58, N 7.15. MS (+FAB) (m/z): [L-H]
+
 = 231. μeff = 4.81 
BM. 
 
6.8  Experimental details for Chapter 4 
  Compounds L9-L14 were prepared according to previously reported procedures.
[6, 7]
 
  Synthesis of [N-(3,5-di-tert-butylsalicylidene)-2,6-diisopropylaniline]2Cr, 14. n-Butyl 
lithium (2 M in hexanes, 2.20 ml, 4.4 mmol) was added to a cooled solution of L9 (1.57 g, 4 
mmol) in 30 ml THF. The mixture was allowed to warm to room temperature and stirred for 
1 h. The resulting solution was filtered, and the supernatant added to a suspension of 
CrCl2(THF)2 (0.534 g, 2 mmol) in 30 ml THF. The mixture was stirred at room temperature 
overnight. After solvent removal, the complex was recuperated in pentane and the lithium 
salts eliminated by filtration. The solution was reduced to half volume and stored at -30 
o
C. 
Dark orange crystals of 14 were isolated by filtration and dried under vacuum (1.440 g, 86 
%). Anal. Calc. for C54H76CrN2O2: C 77.47, H 9.15, N 3.35. Found: C 77.39, H 9.06, N 3.27. 
MS (+FAB) (m/z): [M]
+
 = 836, [L]
+
 = 393. μeff = 3.45 BM. Crystal data for 
[C54H76CrN2O2]
.
0.75[C5H12]: M = 891.28, triclinic, P-1, a = 13.0634(10) Å, b = 14.2895(12) 
Å, c = 17.1712(17) Å, α = 70.281(8)°, β = 72.857(7)°, γ = 82.796(7)°, V = 2882.1(5) Å3, Z = 
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2, Dcalc = 1.027 Mg/m
3, μ(Mo-Kα) = 0.236 mm-1, T = 173(2) K, orange platy needles, size = 
0.23 x 0.20 x 0.05 mm
3
, 17112 collected reflections, F
2
, R1 = 0.1384, wR2 = 0.2823, 4714 
observed reflections [|Fo| > 4σ|Fo|], 574 parameters. 
 
  Synthesis of [N-(3,5-di-tert-butylsalicylidene)-cyclohexyl]2Cr, 15. Complex 15 was 
synthesised as for 14, using ligand L10 (1.26 g, 4 mmol) and CrCl2(THF)2 (0.534 g, 2 mmol). 
A dark orange solid was isolated (1.117 g, 82 %). Anal. Calc. for C42H64CrN2O2: C 74.08, H 
9.47, N 4.11. Found: C 73.94, H 9.50, N 4.08. MS (LSIMS) (m/z): [M]
+
 = 680. μeff = 3.21 
BM. 
 
  Synthesis of [N-(5-bromosalicylidene)-2,6-diisopropylaniline]2Cr, 16. Complex 16 was 
synthesised as for 14, using ligand L12 (1.44 g, 4 mmol) and CrCl2(THF)2 (0.534 g, 2 mmol). 
A green-brown solid was isolated (1.202 g, 78 %). Anal. Calc. for C38H42Br2CrN2O2: C 
59.23, H 5.49, N 3.64. Found: C 59.19, H 5.50, N 3.67. MS (LSIMS) (m/z): [M]
+
 = 770. μeff 
= 3.19 BM. 
 
  Synthesis of [N-(3,5-dichlorosalicylidene)-2,6-diisopropylaniline]2Cr, 17. Complex 17 
was synthesised as for 14, using ligand L13 (1.40 g, 4 mmol) and CrCl2(THF)2 (0.534 g, 2 
mmol). Because of the poor solubility of 17 in pentane, several extractions were required. An 
orange-brown solid was isolated (0.690 g, 46 %). Anal. Calc. for C38H40Cl4CrN2O2: C 60.81, 
H 5.37, N 3.77. Found: C 60.80, H 5.37, N 3.77. MS (LSIMS) (m/z): [M]
+
 = 750. μeff = 3.14 
BM. 
 
  Synthesis of [N-salicylidene-2,6-diisopropylaniline]2Cr, 18. Complex 18 was synthesised 
as for 14, using ligand L14 (1.13 g, 4 mmol) and CrCl2(THF)2 (0.534 g, 2 mmol). Because of 
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the poor solubility of 18 in pentane, several extractions were required. A dark brown solid 
was isolated (0.429 g, 35 %). Anal. Calc. for C38H44CrN2O2: C 74.48, H 7.24, N 4.57. Found: 
C 74.37, H 7.18, N 4.46. MS (LSIMS) (m/z): [M]
+
 = 612, [L-H]
+
 = 282. μeff = 3.34 BM. 
 
  Synthesis of [1-(3,5-di-tert-butyl-2-phen-2-ol)-1-tert-butylaminopentane]2Cr, 19. 
Complex 19 was synthesised as for 14, using ligand L11 (1.16 g, 4 mmol) and CrCl2(THF)2 
(0.534 g, 2 mmol). A dark brown solid was isolated (1.174 g, 79 %). Anal. Calc. for 
C46H78CrN2O2: C 74.35, H 10.58, N 3.77. Found: C 74.32, H 10.63, N 3.69. MS (LSIMS) 
(m/z): [M-H]
+
 = 744. μeff = 3.57 BM.  
 
6.9  Experimental details for Chapter 5 
6.9.1  Synthesis of bis-salicylaldimino Fe
II
 complexes 20-25  
  Synthesis of [N-(3,5-di-tert-butylsalicylidene)-2,6-diisopropylaniline]2Fe, 20. n-Butyl 
lithium (2 M in hexanes, 2.20 ml, 4.4 mmol) was added to a cooled solution of L9 (1.57 g, 4 
mmol) in 30 ml THF. The mixture was allowed to warm to room temperature and stirred for 
1 h. The resulting solution was filtered, and the supernatant added to a suspension of 
FeCl2(THF)1.5 (0.470 g, 2 mmol) in 30 ml THF. The mixture was stirred at room temperature 
overnight. After solvent removal, the complex was recuperated in pentane and the lithium 
salts eliminated by filtration. The solution was reduced to half volume and stored at -30 
o
C. 
Dark red crystals of 20 were isolated by filtration and dried under vacuum (1.582 g, 94 %). 
Anal. Calc. for C54H76FeN2O2: C 77.12, H 9.11, N 3.33. Found: C 77.17, H 9.03, N 3.22. MS 
(+FAB) (m/z): [M]
+
 = 840, [L]
+
 = 394. μeff = 5.01 BM. Crystal data for [L2FeCl2][FeCl4]
-
[CH2Cl2]: C54H76FeN2O2
.
1.25C5H12 (solvent removed using SQUEEZE), M = 931.20, 
triclinic, P-1, a = 14.4646(5) Å, b = 15.2249(3) Å, c = 28.7200(8) Å, α = 87.783(2) °, β = 
86.438(2) °, γ = 76.239(2) °, V = 6129.5(3) Å3, Z = 4, Dcalc = 1.009 g/cm
3, μ(Mo-Kα) = 0.283 
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mm
-1
, T = 173(2) K, red blocks, size = 0.15 x 0.14 x 0.07 mm
3
, 92819 collected reflections, 
F
2
, R1 = 0.0625, wR2 = 0.1506, 12502 observed reflections [|Fo| > 4σ|Fo|], 1111 parameters. 
 
  Synthesis of [N-(3,5-di-tert-butylsalicylidene)-cyclohexyl]2Fe, 21. Complex 21 was 
synthesised as for 20, using ligand L10 (1.26 g, 4 mmol) and FeCl2(THF)1.5 (0.470 g, 2 
mmol). A bright orange solid was isolated (1.259 g, 97 %). Anal. Calc. for C42H64FeN2O2: C 
73.66, H 9.42, N 4.09. Found: C 73.78, H 9.47, N 4.02. MS (LSIMS) (m/z): [M]
+
 = 684, [L-
H]
+
 = 316. μeff = 4.90 BM. 
 
  Synthesis of [N-(3,5-di-tert-butylsalicylidene)-tert-butyl]2Fe, 22. Complex 22 was 
synthesised as for 20, using ligand L11 (1.16 g, 4 mmol) and FeCl2(THF)1.5 (0.470 g, 2 
mmol). A dark red solid was isolated (1.190 g, 94 %). Anal. Calc. for C38H60FeN2O2: C 
72.13, H 9.56, N 4.43. Found: C 72.18, H 9.61, N 4.24. MS (LSIMS) (m/z): [M]
+
 = 663, [L-
H]
+
 = 290. μeff = 4.79 BM. Crystal data for C38H60FeN2O2, M = 632.73, orthorhombic, Fdd2, 
a = 32.0638(2) Å, b = 21.08613(14) Å, c = 11.54921(8) Å, α = 90 °, β = 90 °, γ = 90 °, V = 
7808.44(9) Å
3
, Z = 8, Dcalc = 1.076 Mg/m
3, μ(Mo-Kα) = 3.320 mm-1, T = 173(2) K, orange 
prisms, size = 0.21 x 0.18 x 0.14 mm
3
, 15265 collected reflections, F
2
, R1 = 0.0276, wR2 = 
0.0726, 3530 observed reflections [|Fo| > 4σ|Fo|], 208 parameters. 
 
  Synthesis of [N-(5-bromosalicylidene)-2,6-diisopropylaniline]2Fe, 23. Complex 23 was 
synthesised as for 20, using ligand L12 (1.44 g, 4 mmol) and FeCl2(THF)1.5 (0.470 g, 2 
mmol). A dark red solid was isolated (1.193 g, 77 %). Anal. Calc. for C38H42Br2FeN2O2: C 
58.94, H 5.47, N 3.62. Found: C 59.05, H 5.53, N 3.54. MS (LSIMS) (m/z): [M]
+
 = 774, [L-
H]
+
 = 361. μeff = 5.07 BM.  
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  Synthesis of [N-(3,5-dichlorosalicylidene)-2,6-diisopropylaniline]2Fe, 24. Complex 24 
was synthesised as for 20, using ligand L13 (1.40 g, 4 mmol) and FeCl2(THF)1.5 (0.470 g, 2 
mmol). Because of the poor solubility of 24 in pentane, several extractions were required. A 
dark red-brown solid was isolated (0.920 g, 61 %). Anal. Calc. for C38H40Cl4FeN2O2: C 
60.50, H 5.34, N 3.71. Found: C 60.41, H 5.26, N 3.72. MS (LSIMS) (m/z):  [M]
+
 = 754, [L]
+
 
= 350. μeff = 4.98 BM. 
 
  Synthesis of [N-salicylidene-2,6-diisopropylaniline]2Fe, 25. Complex 25 was synthesised 
as for 20, using ligand L14 (1.13 g, 4 mmol) and FeCl2(THF)1.5 (0.470 g, 2 mmol). A dark 
purple solid was isolated (1.085 g, 88 %). Anal. Calc. for C38H44FeN2O2: C 74.02, H 7.19, N 
4.54. Found: C 73.97, H 7.15, N 4.39. MS (LSIMS) (m/z): [M]
+
 = 616, [L-H]
+
 = 282. μeff = 
4.88. 
 
6.9.2  Synthesis of bis-salicylaldimino Co
II
 complexes 26-27  
  Complex 26 was prepared as described in the literature by Mapolie.
[8]
 The partial 
characterisation of complexes 26 and 27 has been reported previously.
[8, 9]
 
 
  Synthesis of [N-(3,5-di-tert-butylsalicylidene)-2,6-diisopropylaniline]2Co, 26. Ligand L9 
(1.57 g, 4 mmol), sodium hydride (0.096 g, 4 mmol) and cobalt acetate tetrahydrate (0.498 g, 
2 mmol) were dissolved in 50 ml methanol and the solution was stirred at reflux for 4 h. The 
resulting suspension was cooled to 0 
o
C and the solid isolated by filtration. The crude product 
was recrystallised by slow diffusion of a concentrated CH2Cl2 solution into EtOH (1.114 g, 
66 %). Anal. Calc. for C54H76CoN2O2: C 76.83, H 9.07, N 3.32. Found: C 76.71, H 8.98, N 
3.24. MS (LSIMS) (m/z): [M]
+
 = 843. μeff = 4.22. Crystal data for C54H76CoN2O2, M = 
880.13, monoclinic, P2(1)/n, a = 12.9440(7) Å, b = 16.0083(10) Å, c = 25.304(2) Å, α = 90 °, 
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β = 96.186(6) °, γ = 90 °, V = 5212.7(6) Å3, Z = 4, Dcalc = 1.121 Mg/m
3, μ(Mo-Kα) = 2.880 
mm
-1
, T = 173(2) K, orange/red blocks, size = 0.08 x 0.07 x 0.04 mm
3
, 13068 collected 
reflections, F
2
, R1 = 0.0394, wR2 = 0.0940, 5850 observed reflections [|Fo| > 4σ|Fo|], 613 
parameters. 
 
  Synthesis of [N-(5-bromosalicylidene)-2,6-diisopropylaniline]2Co, 27. Complex 27 was 
synthesised as for 26, using ligand L12 (1.44 g, 4 mmol) and Co(acac)2
.
4H2O (0.498 g, 2 
mmol). A bright orange solid was isolated (1.151 g, 74 %). Anal. Calc. for C38H42CoN2O2: C 
58.70, H 5.44, N 3.60. Found: C 58.61, H 5.35, N 3.53. MS (LSIMS) (m/z): [M+1]
+
 = 778. 
1
H NMR (400 MHz, CDCl3, 295 K) δ -15.72 (br s, 2H, CH(CH3)2), -7.94 (br s, 2H, Ar-H), -
3.23 (br s, 12H, CH(CH3)2), 0.49 (br s, 12H, CH(CH3)2), 10.11 (br s, 4H, Ar-H), 41.09 (br s, 
2H, Ar-H), 44.31 (br s, 2H, Ar-H). μeff = 3.87. Crystal data for C38H42CoN2O2, M = 862.41, 
triclinic, P-1, a = 10.7313(3) Å, b = 11.4747(3) Å, c = 16.9443(4) Å, α = 81.0771(19) °, β = 
81.1256(19) °, γ = 69.601(2) °, V = 1920.63(9) Å3, Z = 2, Dcalc = 1.491 Mg/m
3, μ(Mo-Kα) = 
7.494 mm
-1
, T = 173(2) K, red blocks, size = 0.31 x 0.27 x 0.24 mm
3
, 31255 collected 
reflections, F
2
, R1 = 0.0296, wR2 = 0.0831, 7003 observed reflections [|Fo| > 4σ|Fo|], 499 
parameters. 
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7.1  Crystal structure data for Chapter 2 
7.1.1  Crystal structure data for compound 2 
 
 
 
Empirical formula C30 H28 Cl2 Fe N2 . C5H12 
Formula weight 615.44 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Orthorhombic, Pcca 
Unit cell dimensions a = 16.664(2) Å  = 90° 
 b = 11.3680(19) Å  = 90° 
 c = 17.324(3) Å  = 90° 
Volume, Z 3281.9(8) Å3, 4 
Density (calculated) 1.246 Mg/m3 
Absorption coefficient 0.648 mm-1 
F(000) 1296 
Crystal colour / morphology Orange plates 
Crystal size 0.24 x 0.15 x 0.03 mm3 
 range for data collection 3.84 to 31.97° 
Index ranges -24<=h<=24, -16<=k<=16, -25<=l<=25 
Reflns collected / unique 46220 / 5393 [R(int) = 0.0497] 
Reflns observed [F>4 (F)] 3626 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.06978 and 0.94818 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5393 / 204 / 226 
Goodness-of-fit on F2 1.075 
Final R indices [F>4 (F)] R1 = 0.0523, wR2 = 0.1340 
R indices (all data) R1 = 0.0920, wR2 = 0.1475 
Largest diff. peak, hole 0.536, -0.602 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
 
Bond lengths [Å] and angles [°]: 
 
Fe-N(1)#1 2.1366(15) 
Fe-N(1) 2.1366(15) 
Fe-Cl 2.2188(7) 
Fe-Cl#1 2.2188(7) 
N(1)-C(1) 1.276(2) 
N(1)-C(8) 1.440(2) 
C(1)-C(2) 1.454(3) 
C(1)-C(1)#1 1.516(3) 
C(2)-C(3) 1.382(3) 
C(2)-C(7) 1.421(3) 
C(3)-C(4) 1.403(4) 
C(4)-C(5) 1.377(4) 
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C(5)-C(6) 1.411(3) 
C(6)-C(7) 1.394(5) 
C(6)-C(5)#1 1.411(3) 
C(7)-C(2)#1 1.421(3) 
C(8)-C(9) 1.392(2) 
C(8)-C(13) 1.395(3) 
C(9)-C(10) 1.387(3) 
C(9)-C(14) 1.498(3) 
C(10)-C(11) 1.381(3) 
C(11)-C(12) 1.388(3) 
C(11)-C(15) 1.518(3) 
C(12)-C(13) 1.392(3) 
C(13)-C(16) 1.508(3) 
C(21)-C(22) 1.498(12) 
C(22)-C(23) 1.499(14) 
C(23)-C(24) 1.502(14) 
C(24)-C(25) 1.484(14) 
C(21')-C(22') 1.446(16) 
C(22')-C(23') 1.484(15) 
C(23')-C(24') 1.484(15) 
C(24')-C(25') 1.520(16) 
C(21")-C(22") 1.490(16) 
C(22")-C(23") 1.493(15) 
C(23")-C(24") 1.495(16) 
C(24")-C(25") 1.488(17) 
 
N(1)#1-Fe-N(1) 78.68(8) 
N(1)#1-Fe-Cl 113.52(4) 
N(1)-Fe-Cl 113.86(4) 
N(1)#1-Fe-Cl#1 113.86(4) 
N(1)-Fe-Cl#1 113.52(4) 
Cl-Fe-Cl#1 117.40(5) 
C(1)-N(1)-C(8) 119.20(15) 
C(1)-N(1)-Fe 112.78(12) 
 
C(8)-N(1)-Fe 128.00(12) 
N(1)-C(1)-C(2) 134.78(17) 
N(1)-C(1)-C(1)#1 117.88(10) 
C(2)-C(1)-C(1)#1 107.33(11) 
C(3)-C(2)-C(7) 119.2(2) 
C(3)-C(2)-C(1) 135.1(2) 
C(7)-C(2)-C(1) 105.69(19) 
C(2)-C(3)-C(4) 118.1(2) 
C(5)-C(4)-C(3) 122.6(2) 
C(4)-C(5)-C(6) 120.7(3) 
C(7)-C(6)-C(5)#1 116.4(2) 
C(7)-C(6)-C(5) 116.4(2) 
C(5)#1-C(6)-C(5) 127.2(4) 
C(6)-C(7)-C(2) 123.04(15) 
C(6)-C(7)-C(2)#1 123.04(15) 
C(2)-C(7)-C(2)#1 113.9(3) 
C(9)-C(8)-C(13) 122.44(16) 
C(9)-C(8)-N(1) 119.03(16) 
C(13)-C(8)-N(1) 118.50(15) 
C(10)-C(9)-C(8) 117.44(18) 
C(10)-C(9)-C(14) 121.42(17) 
C(8)-C(9)-C(14) 121.12(17) 
C(11)-C(10)-C(9) 122.27(18) 
C(10)-C(11)-C(12) 118.62(17) 
C(10)-C(11)-C(15) 121.2(2) 
C(12)-C(11)-C(15) 120.2(2) 
C(11)-C(12)-C(13) 121.7(2) 
C(12)-C(13)-C(8) 117.55(18) 
C(12)-C(13)-C(16) 121.75(19) 
C(8)-C(13)-C(16) 120.70(17) 
C(21)-C(22)-C(23) 123.4(15) 
C(22)-C(23)-C(24) 127.6(17) 
C(25)-C(24)-C(23) 125.1(17) 
C(21')-C(22')-C(23') 133(2) 
C(24')-C(23')-C(22') 125.3(18) 
C(23')-C(24')-C(25') 122.2(17) 
C(21")-C(22")-C(23") 127.9(19) 
C(22")-C(23")-C(24") 124.3(19) 
C(25")-C(24")-C(23") 126(2) 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,y,-z+1/2 
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7.1.2  Crystal structure data for compound 3 
 
 
 
Empirical formula C20 H24 Cl2 Fe N2 
Formula weight 419.16 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, P2(1)/n 
Unit cell dimensions a = 10.7478(2) Å  = 90° 
 b = 17.1303(2) Å  = 112.938(2)° 
 c = 11.6022(2) Å  = 90° 
Volume, Z 1967.21(5) Å3, 4 
Density (calculated) 1.415 Mg/m3 
Absorption coefficient 1.043 mm-1 
F(000) 872 
Crystal colour / morphology V. dark blocks 
Crystal size 0.34 x 0.28 x 0.25 mm3 
 range for data collection 3.75 to 32.55° 
Index ranges -15<=h<=16, -24<=k<=25, -17<=l<=17 
Reflns collected / unique 30740 / 6561 [R(int) = 0.0259] 
Reflns observed [F>4 (F)] 5788 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.85249 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6561 / 0 / 226 
Goodness-of-fit on F2 1.056 
Final R indices [F>4 (F)] R1 = 0.0279, wR2 = 0.0700 
R indices (all data) R1 = 0.0337, wR2 = 0.0747 
Largest diff. peak, hole 0.454, -0.307 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
 
Bond lengths [Å] and angles [°]: 
 
Fe-N(1) 2.0912(9) 
Fe-N(2) 2.0923(9) 
Fe-Cl(2) 2.2355(3) 
Fe-Cl(1) 2.2491(4) 
N(1)-C(1) 1.2888(13) 
N(1)-C(3) 1.4944(13) 
C(1)-C(7) 1.4804(14) 
C(1)-C(2) 1.5342(14) 
N(2)-C(2) 1.2884(13) 
N(2)-C(17) 1.4938(14) 
C(2)-C(15) 1.4812(14) 
C(3)-C(4) 1.5279(16) 
C(3)-C(5) 1.5279(16) 
C(3)-C(6) 1.5287(16) 
C(7)-C(8) 1.3819(15) 
C(7)-C(16) 1.4186(14) 
C(8)-C(9) 1.4145(16) 
C(9)-C(10) 1.370(2) 
C(10)-C(11) 1.4152(18) 
C(11)-C(16) 1.4087(14) 
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C(11)-C(12) 1.4148(17) 
C(12)-C(13) 1.370(2) 
C(13)-C(14) 1.4139(17) 
C(14)-C(15) 1.3853(15) 
C(15)-C(16) 1.4160(15) 
C(17)-C(19) 1.5297(17) 
C(17)-C(20) 1.5310(17) 
C(17)-C(18) 1.5322(17) 
 
N(1)-Fe-N(2) 80.21(3) 
N(1)-Fe-Cl(2) 119.32(3) 
N(2)-Fe-Cl(2) 121.84(3) 
N(1)-Fe-Cl(1) 106.08(3) 
N(2)-Fe-Cl(1) 103.80(3) 
Cl(2)-Fe-Cl(1) 118.620(15) 
C(1)-N(1)-C(3) 125.60(9) 
C(1)-N(1)-Fe 110.58(7) 
C(3)-N(1)-Fe 122.55(6) 
N(1)-C(1)-C(7) 136.57(10) 
N(1)-C(1)-C(2) 116.82(9) 
C(7)-C(1)-C(2) 106.59(8) 
C(2)-N(2)-C(17) 125.58(9) 
C(2)-N(2)-Fe 111.22(7) 
C(17)-N(2)-Fe 122.34(7) 
N(2)-C(2)-C(15) 136.73(10) 
N(2)-C(2)-C(1) 116.65(9) 
C(15)-C(2)-C(1) 106.63(8) 
N(1)-C(3)-C(4) 109.59(9) 
N(1)-C(3)-C(5) 107.01(9) 
C(4)-C(3)-C(5) 107.55(10) 
N(1)-C(3)-C(6) 110.48(9) 
C(4)-C(3)-C(6) 114.59(10) 
C(5)-C(3)-C(6) 107.28(10) 
C(8)-C(7)-C(16) 118.30(10) 
C(8)-C(7)-C(1) 135.55(10) 
C(16)-C(7)-C(1) 106.15(9) 
C(7)-C(8)-C(9) 119.38(11) 
C(10)-C(9)-C(8) 122.32(12) 
C(9)-C(10)-C(11) 119.97(11) 
C(16)-C(11)-C(12) 116.97(11) 
C(16)-C(11)-C(10) 117.39(11) 
C(12)-C(11)-C(10) 125.64(11) 
C(13)-C(12)-C(11) 120.53(11) 
C(12)-C(13)-C(14) 121.80(11) 
C(15)-C(14)-C(13) 119.71(12) 
C(14)-C(15)-C(16) 117.98(10) 
C(14)-C(15)-C(2) 135.86(10) 
C(16)-C(15)-C(2) 106.16(9) 
C(11)-C(16)-C(15) 123.01(10) 
C(11)-C(16)-C(7) 122.62(10) 
C(15)-C(16)-C(7) 114.37(9) 
N(2)-C(17)-C(19) 106.88(9) 
N(2)-C(17)-C(20) 109.77(9) 
C(19)-C(17)-C(20) 107.91(11) 
N(2)-C(17)-C(18) 109.66(9) 
C(19)-C(17)-C(18) 107.36(10) 
C(20)-C(17)-C(18) 114.92(10) 
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7.1.3  Crystal structure data for compound 4 
 
 
 
Empirical formula C24 H28 Cl2 Fe N2 . C4 H8 O 
Formula weight 543.34 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 Å 
Crystal system, space group Monoclinic, P2(1)/c 
Unit cell dimensions a = 9.89612(12) Å  = 90° 
 b = 15.7439(2) Å  = 94.5712(11)° 
 c = 17.1298(2) Å  = 90° 
Volume, Z 2660.4(2) Å3, 4 
Density (calculated) 1.357 Mg/m3 
Absorption coefficient 6.566 mm-1 
F(000) 1144 
Crystal colour / morphology Green blocks 
Crystal size 0.06 x 0.05 x 0.03 mm3 
 range for data collection 3.82 to 62.83° 
Index ranges -11<=h<=11, -17<=k<=9, -19<=l<=18 
Reflns collected / unique 8274 / 4086 [R(int) = 0.0251] 
Reflns observed [F>4 (F)] 2956 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.88271 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4086 / 0 / 307 
Goodness-of-fit on F2 0.942 
Final R indices [F>4 (F)] R1 = 0.0307, wR2 = 0.0684 
R indices (all data) R1 = 0.0498, wR2 = 0.0720 
Largest diff. peak, hole 0.234, -0.204 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
 
Bond lengths [Å] and angles: 
 
Fe-N(1) 2.1141(17) 
Fe-N(2) 2.1220(18) 
Fe-Cl(2) 2.2405(7) 
Fe-Cl(1) 2.2414(7) 
N(1)-C(1) 1.282(3) 
N(1)-C(13) 1.476(3) 
N(2)-C(2) 1.282(3) 
N(2)-C(19) 1.485(2) 
C(1)-C(3) 1.468(3) 
C(1)-C(2) 1.525(3) 
C(2)-C(11) 1.468(3) 
C(3)-C(4) 1.382(3) 
C(3)-C(12) 1.415(3) 
C(4)-C(5) 1.409(3) 
C(5)-C(6) 1.367(3) 
C(6)-C(7) 1.412(3) 
C(7)-C(12) 1.402(3) 
C(7)-C(8) 1.408(3) 
C(8)-C(9) 1.371(3) 
C(9)-C(10) 1.408(3) 
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C(10)-C(11) 1.375(3) 
C(11)-C(12) 1.426(3) 
C(13)-C(18) 1.516(3) 
C(13)-C(14) 1.530(3) 
C(14)-C(15) 1.525(3) 
C(15)-C(16) 1.517(3) 
C(16)-C(17) 1.518(3) 
C(17)-C(18) 1.525(3) 
C(19)-C(20) 1.522(3) 
C(19)-C(24) 1.525(3) 
C(20)-C(21) 1.533(3) 
C(21)-C(22) 1.518(4) 
C(22)-C(23) 1.515(3) 
C(23)-C(24) 1.531(3) 
O(30)-C(31) 1.414(3) 
O(30)-C(34) 1.421(3) 
C(31)-C(32) 1.498(4) 
C(32)-C(33) 1.505(4) 
C(33)-C(34) 1.502(4) 
 
N(1)-Fe-N(2) 79.99(6) 
N(1)-Fe-Cl(2) 106.27(5) 
N(2)-Fe-Cl(2) 112.10(5) 
N(1)-Fe-Cl(1) 112.87(5) 
N(2)-Fe-Cl(1) 108.80(5) 
Cl(2)-Fe-Cl(1) 126.97(3) 
C(1)-N(1)-C(13) 120.70(18) 
C(1)-N(1)-Fe 112.16(14) 
C(13)-N(1)-Fe 127.13(13) 
C(2)-N(2)-C(19) 120.68(19) 
C(2)-N(2)-Fe 111.93(14) 
C(19)-N(2)-Fe 127.39(14) 
N(1)-C(1)-C(3) 135.03(19) 
N(1)-C(1)-C(2) 117.80(19) 
C(3)-C(1)-C(2) 107.05(18) 
N(2)-C(2)-C(11) 135.2(2) 
N(2)-C(2)-C(1) 117.9(2) 
C(11)-C(2)-C(1) 106.88(18) 
C(4)-C(3)-C(12) 118.5(2) 
C(4)-C(3)-C(1) 135.4(2) 
C(12)-C(3)-C(1) 106.10(17) 
C(3)-C(4)-C(5) 118.7(2) 
C(6)-C(5)-C(4) 122.4(2) 
C(5)-C(6)-C(7) 120.7(2) 
C(12)-C(7)-C(8) 116.65(19) 
C(12)-C(7)-C(6) 116.3(2) 
C(8)-C(7)-C(6) 127.0(2) 
C(9)-C(8)-C(7) 120.8(2) 
C(8)-C(9)-C(10) 122.1(2) 
C(11)-C(10)-C(9) 119.0(2) 
C(10)-C(11)-C(12) 118.6(2) 
C(10)-C(11)-C(2) 135.49(19) 
C(12)-C(11)-C(2) 105.95(18) 
C(7)-C(12)-C(3) 123.28(18) 
C(7)-C(12)-C(11) 122.8(2) 
C(3)-C(12)-C(11) 113.96(19) 
N(1)-C(13)-C(18) 109.84(16) 
N(1)-C(13)-C(14) 110.03(18) 
C(18)-C(13)-C(14) 110.27(18) 
C(15)-C(14)-C(13) 110.23(19) 
C(16)-C(15)-C(14) 111.8(2) 
C(15)-C(16)-C(17) 111.7(2) 
C(16)-C(17)-C(18) 111.0(2) 
C(13)-C(18)-C(17) 110.64(18) 
N(2)-C(19)-C(20) 110.01(17) 
N(2)-C(19)-C(24) 109.64(17) 
C(20)-C(19)-C(24) 110.60(19) 
C(19)-C(20)-C(21) 110.46(19) 
C(22)-C(21)-C(20) 111.8(2) 
C(23)-C(22)-C(21) 111.0(2) 
C(22)-C(23)-C(24) 111.4(2) 
C(19)-C(24)-C(23) 110.60(19) 
C(31)-O(30)-C(34) 109.3(2) 
O(30)-C(31)-C(32) 106.2(2) 
C(31)-C(32)-C(33) 102.5(2) 
C(34)-C(33)-C(32) 101.2(2) 
O(30)-C(34)-C(33) 106.8(2) 
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7.1.4  Crystal structure data for compound 5 
 
 
Empirical formula C32 H36 Cl2 Fe N2 . 0.5CH2Cl2 
Formula weight 617.84 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, C2/c 
Unit cell dimensions a = 20.3020(8) Å  = 90° 
 b = 15.8004(17) Å  = 120.030(4)° 
 c = 20.2838(6) Å  = 90° 
Volume, Z 5633.2(7) Å3, 8 
Density (calculated) 1.457 Mg/m3 
Absorption coefficient 0.846 mm-1 
F(000) 2584 
Crystal colour / morphology Very dark green blocks 
Crystal size 0.15 x 0.11 x 0.06 mm3 
 range for data collection 3.71 to 32.44° 
Index ranges -25<=h<=29, -23<=k<=23, -29<=l<=29 
Reflns collected / unique 42791 / 9197 [R(int) = 0.0537] 
Reflns observed [F>4 (F)] 6882 
Absorption correction Analytical 
Max. and min. transmission 0.951 and 0.899 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9197 / 1 / 361 
Goodness-of-fit on F2 1.035 
Final R indices [F>4 (F)] R1 = 0.0304, wR2 = 0.0788 
R indices (all data) R1 = 0.0468, wR2 = 0.0852 
Largest diff. peak, hole 0.390, -0.416 eÅ-3 
Mean and maximum shift/error 0.000 and 0.002 
 
Bond lengths [Å] and angles [°]: 
 
Fe-N(2) 2.0952(10) 
Fe-N(1) 2.0957(10) 
Fe-Cl(2) 2.2430(4) 
Fe-Cl(1) 2.2746(4) 
N(1)-C(1) 1.2818(14) 
N(1)-C(13) 1.4758(14) 
N(2)-C(2) 1.2926(14) 
N(2)-C(23) 1.4830(14) 
C(1)-C(3) 1.4884(15) 
C(1)-C(2) 1.5263(15) 
C(2)-C(11) 1.4810(15) 
C(3)-C(4) 1.3775(16) 
C(3)-C(12) 1.4044(15) 
C(4)-C(5) 1.4102(17) 
C(5)-C(6) 1.3556(18) 
C(6)-C(7) 1.4109(17) 
C(7)-C(8) 1.3998(17) 
C(7)-C(12) 1.4053(15) 
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C(8)-C(9) 1.3638(18) 
C(9)-C(10) 1.4093(16) 
C(10)-C(11) 1.3685(16) 
C(11)-C(12) 1.4209(15) 
C(13)-C(15) 1.5374(16) 
C(13)-C(14) 1.5407(16) 
C(13)-C(16) 1.5462(16) 
C(14)-C(17) 1.5238(16) 
C(15)-C(19) 1.5258(17) 
C(16)-C(21) 1.5150(17) 
C(17)-C(18) 1.5235(17) 
C(17)-C(22) 1.5424(19) 
C(18)-C(19) 1.5325(18) 
C(19)-C(20) 1.537(2) 
C(20)-C(21) 1.527(2) 
C(21)-C(22) 1.5401(19) 
C(23)-C(24) 1.5358(17) 
C(23)-C(25) 1.5383(16) 
C(23)-C(26) 1.5476(16) 
C(24)-C(27) 1.5297(16) 
C(25)-C(29) 1.5329(16) 
C(26)-C(31) 1.5263(16) 
C(27)-C(28) 1.5309(19) 
C(27)-C(32) 1.5376(18) 
C(28)-C(29) 1.5275(19) 
C(29)-C(30) 1.5380(18) 
C(30)-C(31) 1.5338(18) 
C(31)-C(32) 1.5339(18) 
C(40)-Cl(4) 1.726(8) 
C(40)-Cl(3) 1.748(8) 
 
N(2)-Fe-N(1) 79.68(4) 
N(2)-Fe-Cl(2) 117.09(3) 
N(1)-Fe-Cl(2) 116.23(3) 
N(2)-Fe-Cl(1) 108.57(3) 
N(1)-Fe-Cl(1) 104.61(3) 
Cl(2)-Fe-Cl(1) 122.301(15) 
C(1)-N(1)-C(13) 125.19(10) 
C(1)-N(1)-Fe 112.32(8) 
C(13)-N(1)-Fe 121.56(7) 
C(2)-N(2)-C(23) 126.46(10) 
C(2)-N(2)-Fe 111.91(7) 
C(23)-N(2)-Fe 121.24(7) 
N(1)-C(1)-C(3) 136.71(10) 
N(1)-C(1)-C(2) 116.34(10) 
C(3)-C(1)-C(2) 106.94(9) 
N(2)-C(2)-C(11) 136.75(10) 
N(2)-C(2)-C(1) 117.09(10) 
C(11)-C(2)-C(1) 106.16(9) 
C(4)-C(3)-C(12) 117.49(10) 
C(4)-C(3)-C(1) 136.39(11) 
C(12)-C(3)-C(1) 106.07(9) 
C(3)-C(4)-C(5) 120.40(11) 
C(6)-C(5)-C(4) 121.85(11) 
C(5)-C(6)-C(7) 119.73(11) 
C(8)-C(7)-C(12) 117.12(11) 
C(8)-C(7)-C(6) 125.03(11) 
C(12)-C(7)-C(6) 117.81(11) 
C(9)-C(8)-C(7) 120.09(11) 
C(8)-C(9)-C(10) 122.42(11) 
C(11)-C(10)-C(9) 119.66(11) 
C(10)-C(11)-C(12) 117.65(10) 
C(10)-C(11)-C(2) 135.79(10) 
C(12)-C(11)-C(2) 106.50(10) 
C(3)-C(12)-C(7) 122.69(10) 
C(3)-C(12)-C(11) 114.25(10) 
C(7)-C(12)-C(11) 123.00(11) 
N(1)-C(13)-C(15) 107.98(9) 
N(1)-C(13)-C(14) 110.68(9) 
C(15)-C(13)-C(14) 107.20(9) 
N(1)-C(13)-C(16) 109.95(9) 
C(15)-C(13)-C(16) 107.07(10) 
C(14)-C(13)-C(16) 113.70(9) 
C(17)-C(14)-C(13) 108.86(9) 
C(19)-C(15)-C(13) 109.78(10) 
C(21)-C(16)-C(13) 109.57(10) 
C(18)-C(17)-C(14) 108.78(10) 
C(18)-C(17)-C(22) 109.29(11) 
C(14)-C(17)-C(22) 110.21(10) 
C(17)-C(18)-C(19) 109.37(10) 
C(15)-C(19)-C(18) 109.57(10) 
C(15)-C(19)-C(20) 109.25(11) 
C(18)-C(19)-C(20) 110.02(11) 
C(21)-C(20)-C(19) 109.15(11) 
C(16)-C(21)-C(20) 108.64(11) 
C(16)-C(21)-C(22) 109.55(11) 
C(20)-C(21)-C(22) 109.76(11) 
C(21)-C(22)-C(17) 110.45(10) 
N(2)-C(23)-C(24) 110.54(9) 
N(2)-C(23)-C(25) 107.83(9) 
C(24)-C(23)-C(25) 106.85(10) 
N(2)-C(23)-C(26) 110.67(9) 
C(24)-C(23)-C(26) 113.75(9) 
C(25)-C(23)-C(26) 106.89(9) 
C(27)-C(24)-C(23) 109.27(9) 
C(29)-C(25)-C(23) 110.73(10) 
C(31)-C(26)-C(23) 108.78(9) 
C(24)-C(27)-C(28) 109.42(11) 
C(24)-C(27)-C(32) 109.24(10) 
C(28)-C(27)-C(32) 109.93(10) 
C(29)-C(28)-C(27) 108.76(10) 
C(28)-C(29)-C(25) 109.61(10) 
C(28)-C(29)-C(30) 109.95(11) 
C(25)-C(29)-C(30) 108.90(10) 
C(31)-C(30)-C(29) 109.15(9) 
C(26)-C(31)-C(30) 109.23(10) 
C(26)-C(31)-C(32) 109.99(10) 
C(30)-C(31)-C(32) 109.29(10) 
C(31)-C(32)-C(27) 110.51(10) 
Cl(4)-C(40)-Cl(3) 111.3(3) 
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7.1.5  Crystal structure data for compound 6 
 
 
 
Empirical formula C49 H34 Cl8 Fe2 N4 
Formula weight 1074.10 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, Ia 
Unit cell dimensions a = 20.910(2) Å  = 90° 
 b = 8.2979(4) Å  = 90.523(16)° 
 c = 26.652(11) Å  = 90° 
Volume, Z 4624(2) Å3, 4 
Density (calculated) 1.543 Mg/m3 
Absorption coefficient 1.130 mm-1 
F(000) 2176 
Crystal colour / morphology Deep red needles 
Crystal size 0.32 x 0.08 x 0.07 mm3 
 range for data collection 3.82 to 32.12° 
Index ranges -30<=h<=30, -12<=k<=12, -38<=l<=37 
Reflns collected / unique 33431 / 12842 [R(int) = 0.0262] 
Reflns observed [F>4 (F)] 9946 
Absorption correction Analytical 
Max. and min. transmission 0.929 and 0.793 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 12842 / 27 / 592 
Goodness-of-fit on F2 0.951 
Final R indices [F>4 (F)] R1 = 0.0324, wR2 = 0.0750 
 R1+ = 0.0354, wR2+ = 0.0851 
 R1- = 0.0357, wR2- = 0.0851 
R indices (all data) R1 = 0.0471, wR2 = 0.0784 
Absolute structure parameter x+ = 0.500(9), x- = 0.500(9) Polar twin 
Largest diff. peak, hole 0.384, -0.335 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
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Bond lengths [Å] and angles [°]: 
 
Fe(1)-N(1) 2.1564(19) 
Fe(1)-N(31) 2.1631(19) 
Fe(1)-Cl(1) 2.2183(7) 
Fe(1)-N(32) 2.2217(18) 
Fe(1)-N(2) 2.2280(18) 
Fe(1)-Cl(2) 2.2352(7) 
N(1)-C(1) 1.271(3) 
N(1)-C(3) 1.449(3) 
C(1)-C(10) 1.469(3) 
C(1)-C(2) 1.508(3) 
N(2)-C(2) 1.276(3) 
N(2)-C(19) 1.441(3) 
C(2)-C(18) 1.466(3) 
C(3)-C(4) 1.363(3) 
C(3)-C(8) 1.368(4) 
C(4)-C(5) 1.392(4) 
C(5)-C(6) 1.344(4) 
C(6)-C(7) 1.370(4) 
C(7)-C(8) 1.381(4) 
C(9)-C(14) 1.400(3) 
C(9)-C(10) 1.411(3) 
C(9)-C(18) 1.413(3) 
C(10)-C(11) 1.380(3) 
C(11)-C(12) 1.408(4) 
C(12)-C(13) 1.372(4) 
C(13)-C(14) 1.409(4) 
C(14)-C(15) 1.421(4) 
C(15)-C(16) 1.366(4) 
C(16)-C(17) 1.415(4) 
C(17)-C(18) 1.384(3) 
C(19)-C(20) 1.377(3) 
C(19)-C(24) 1.379(3) 
C(20)-C(21) 1.388(4) 
C(21)-C(22) 1.358(4) 
C(22)-C(23) 1.374(4) 
C(23)-C(24) 1.379(3) 
N(31)-C(31) 1.273(3) 
N(31)-C(33) 1.440(3) 
C(31)-C(40) 1.455(3) 
C(31)-C(32) 1.524(3) 
N(32)-C(32) 1.278(3) 
N(32)-C(49) 1.436(3) 
C(32)-C(48) 1.465(3) 
C(33)-C(38) 1.367(3) 
C(33)-C(34) 1.367(3) 
C(34)-C(35) 1.396(4) 
C(35)-C(36) 1.366(4) 
C(36)-C(37) 1.372(4) 
C(37)-C(38) 1.393(4) 
C(39)-C(44) 1.404(3) 
C(39)-C(48) 1.417(3) 
C(39)-C(40) 1.421(3) 
C(40)-C(41) 1.381(3) 
C(41)-C(42) 1.408(4) 
C(42)-C(43) 1.369(4) 
C(43)-C(44) 1.419(4) 
C(44)-C(45) 1.412(4) 
C(45)-C(46) 1.366(4) 
C(46)-C(47) 1.413(4) 
C(47)-C(48) 1.370(3) 
C(49)-C(50) 1.378(3) 
C(49)-C(54) 1.386(3) 
C(50)-C(51) 1.395(3) 
C(51)-C(52) 1.353(5) 
C(52)-C(53) 1.379(5) 
C(53)-C(54) 1.389(3) 
Fe(2)-Cl(5) 2.1786(11) 
Fe(2)-Cl(6) 2.1793(9) 
Fe(2)-Cl(4) 2.1880(7) 
Fe(2)-Cl(3) 2.1882(9) 
C(60)-Cl(8) 1.735(10) 
C(60)-Cl(7) 1.736(9) 
C(60')-Cl(7') 1.666(11) 
C(60')-Cl(8') 1.722(11) 
 
N(1)-Fe(1)-N(31) 160.62(5) 
N(1)-Fe(1)-Cl(1) 97.78(6) 
N(31)-Fe(1)-Cl(1) 94.02(5) 
N(1)-Fe(1)-N(32) 88.71(7) 
N(31)-Fe(1)-N(32) 75.73(7) 
Cl(1)-Fe(1)-N(32) 90.91(5) 
N(1)-Fe(1)-N(2) 75.78(7) 
N(31)-Fe(1)-N(2) 89.44(7) 
Cl(1)-Fe(1)-N(2) 166.87(5) 
N(32)-Fe(1)-N(2) 77.66(5) 
N(1)-Fe(1)-Cl(2) 93.87(6) 
N(31)-Fe(1)-Cl(2) 98.40(5) 
Cl(1)-Fe(1)-Cl(2) 103.04(3) 
N(32)-Fe(1)-Cl(2) 165.31(5) 
N(2)-Fe(1)-Cl(2) 88.94(5) 
C(1)-N(1)-C(3) 118.27(18) 
C(1)-N(1)-Fe(1) 115.46(14) 
C(3)-N(1)-Fe(1) 126.09(14) 
N(1)-C(1)-C(10) 134.6(2) 
N(1)-C(1)-C(2) 118.03(19) 
C(10)-C(1)-C(2) 107.16(19) 
C(2)-N(2)-C(19) 119.83(18) 
C(2)-N(2)-Fe(1) 113.21(14) 
C(19)-N(2)-Fe(1) 126.94(14) 
N(2)-C(2)-C(18) 135.2(2) 
N(2)-C(2)-C(1) 117.42(19) 
C(18)-C(2)-C(1) 107.21(18) 
C(4)-C(3)-C(8) 120.6(2) 
C(4)-C(3)-N(1) 120.3(2) 
C(8)-C(3)-N(1) 119.1(2) 
C(3)-C(4)-C(5) 119.3(3) 
C(6)-C(5)-C(4) 120.9(3) 
C(5)-C(6)-C(7) 119.2(2) 
C(6)-C(7)-C(8) 121.2(3) 
C(3)-C(8)-C(7) 118.8(2) 
C(14)-C(9)-C(10) 122.5(2) 
C(14)-C(9)-C(18) 123.0(2) 
C(10)-C(9)-C(18) 114.5(2) 
C(11)-C(10)-C(9) 119.9(2) 
C(11)-C(10)-C(1) 134.6(2) 
C(9)-C(10)-C(1) 105.54(19) 
C(10)-C(11)-C(12) 117.8(2) 
C(13)-C(12)-C(11) 122.4(2) 
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C(12)-C(13)-C(14) 121.0(2) 
C(9)-C(14)-C(13) 116.4(2) 
C(9)-C(14)-C(15) 116.5(2) 
C(13)-C(14)-C(15) 127.1(2) 
C(16)-C(15)-C(14) 120.6(2) 
C(15)-C(16)-C(17) 122.6(2) 
C(18)-C(17)-C(16) 118.1(2) 
C(17)-C(18)-C(9) 119.3(2) 
C(17)-C(18)-C(2) 135.1(2) 
C(9)-C(18)-C(2) 105.58(19) 
C(20)-C(19)-C(24) 120.8(2) 
C(20)-C(19)-N(2) 117.9(2) 
C(24)-C(19)-N(2) 121.3(2) 
C(19)-C(20)-C(21) 118.7(2) 
C(22)-C(21)-C(20) 121.0(3) 
C(21)-C(22)-C(23) 119.8(2) 
C(22)-C(23)-C(24) 120.5(3) 
C(23)-C(24)-C(19) 119.2(2) 
C(31)-N(31)-C(33) 118.27(18) 
C(31)-N(31)-Fe(1) 115.64(13) 
C(33)-N(31)-Fe(1) 125.93(14) 
N(31)-C(31)-C(40) 135.2(2) 
N(31)-C(31)-C(32) 117.65(19) 
C(40)-C(31)-C(32) 106.95(18) 
C(32)-N(32)-C(49) 118.89(19) 
C(32)-N(32)-Fe(1) 113.89(14) 
C(49)-N(32)-Fe(1) 127.21(14) 
N(32)-C(32)-C(48) 135.6(2) 
N(32)-C(32)-C(31) 116.86(19) 
C(48)-C(32)-C(31) 107.24(18) 
C(38)-C(33)-C(34) 121.0(2) 
C(38)-C(33)-N(31) 118.5(2) 
C(34)-C(33)-N(31) 120.5(2) 
C(33)-C(34)-C(35) 119.8(2) 
C(36)-C(35)-C(34) 119.8(2) 
C(35)-C(36)-C(37) 119.9(2) 
C(36)-C(37)-C(38) 120.7(2) 
C(33)-C(38)-C(37) 118.9(2) 
C(44)-C(39)-C(48) 122.8(2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C(44)-C(39)-C(40) 123.0(2) 
C(48)-C(39)-C(40) 114.2(2) 
C(41)-C(40)-C(39) 119.1(2) 
C(41)-C(40)-C(31) 134.8(2) 
C(39)-C(40)-C(31) 106.11(18) 
C(40)-C(41)-C(42) 118.5(2) 
C(43)-C(42)-C(41) 122.2(2) 
C(42)-C(43)-C(44) 121.2(2) 
C(39)-C(44)-C(45) 116.3(2) 
C(39)-C(44)-C(43) 115.9(2) 
C(45)-C(44)-C(43) 127.8(2) 
C(46)-C(45)-C(44) 120.7(2) 
C(45)-C(46)-C(47) 122.7(2) 
C(48)-C(47)-C(46) 118.1(2) 
C(47)-C(48)-C(39) 119.4(2) 
C(47)-C(48)-C(32) 135.0(2) 
C(39)-C(48)-C(32) 105.54(19) 
C(50)-C(49)-C(54) 121.3(2) 
C(50)-C(49)-N(32) 117.7(2) 
C(54)-C(49)-N(32) 121.0(2) 
C(49)-C(50)-C(51) 119.0(2) 
C(52)-C(51)-C(50) 120.3(3) 
C(51)-C(52)-C(53) 120.6(2) 
C(52)-C(53)-C(54) 120.5(3) 
C(49)-C(54)-C(53) 118.2(3) 
Cl(5)-Fe(2)-Cl(6) 111.32(5) 
Cl(5)-Fe(2)-Cl(4) 109.45(3) 
Cl(6)-Fe(2)-Cl(4) 107.25(3) 
Cl(5)-Fe(2)-Cl(3) 108.86(4) 
Cl(6)-Fe(2)-Cl(3) 109.85(4) 
Cl(4)-Fe(2)-Cl(3) 110.10(4) 
Cl(8)-C(60)-Cl(7) 115.0(6) 
Cl(7')-C(60')-Cl(8') 117.0(8) 
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7.2  Crystal structure data for Chapter 3 
7.2.1  Crystal structure data for compound 8 
 
 
Identification code VG0715b 
Empirical formula C30 H28 Cl3 Fe N2 
Formula weight 578.74 
Temperature 293(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Orthorhombic, Fdd2 
Unit cell dimensions a = 21.6611(10) Å  = 90° 
 b = 69.991(3) Å  = 90° 
 c = 7.5218(2) Å  = 90° 
Volume, Z 11403.7(7) Å3, 16 
Density (calculated) 1.348 Mg/m3 
Absorption coefficient 0.831 mm-1 
F(000) 4784 
Crystal colour / morphology Orange needles 
Crystal size 0.20 x 0.07 x 0.05 mm3 
 range for data collection 3.88 to 24.08° 
Index ranges -23<=h<=22, -72<=k<=71, -8<=l<=7 
Reflns collected / unique 13039 / 3377 [R(int) = 0.0390] 
Reflns observed [F>4 (F)] 2804 
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3377 / 21 / 190 
Goodness-of-fit on F2 1.072 
Final R indices [F>4 (F)] R1 = 0.0805, wR2 = 0.1801 
 R1+ = 0.0805, wR2+ = 0.1801 
 R1- = 0.0860, wR2- = 0.1911 
R indices (all data) R1 = 0.0936, wR2 = 0.1888 
Absolute structure parameter 0.00(5), 1.01(5) 
Largest diff. peak, hole 0.513, -0.515 eÅ-3 
Mean and maximum shift/error 0.000 and 0.000 
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Bond lengths [Å] and angles [°]: 
 
Fe-Cl(3') 2.005(7) 
Fe-Cl(3) 2.153(8) 
Fe-N(2) 2.163(7) 
Fe-Cl(1) 2.241(4) 
Fe-N(1) 2.342(8) 
Fe-Cl(2') 2.359(7) 
Fe-Cl(2) 2.396(7) 
N(1)-C(1) 1.302(11) 
N(1)-C(13) 1.421(12) 
C(1)-C(3) 1.447(12) 
C(1)-C(2) 1.513(12) 
N(2)-C(2) 1.278(10) 
N(2)-C(22) 1.439(11) 
C(2)-C(11) 1.474(12) 
C(3)-C(4) 1.349(12) 
C(3)-C(12) 1.405(12) 
C(4)-C(5) 1.427(13) 
C(5)-C(6) 1.352(13) 
C(6)-C(7) 1.413(12) 
C(7)-C(12) 1.407(12) 
C(7)-C(8) 1.407(12) 
C(8)-C(9) 1.377(12) 
C(9)-C(10) 1.411(12) 
C(10)-C(11) 1.371(11) 
C(11)-C(12) 1.403(11) 
C(13)-C(14) 1.380(13) 
C(13)-C(18) 1.423(15) 
C(14)-C(15) 1.403(13) 
C(14)-C(19) 1.513(15) 
C(15)-C(16) 1.447(16) 
C(16)-C(17) 1.251(16) 
C(16)-C(20) 1.538(16) 
C(17)-C(18) 1.342(16) 
C(18)-C(21) 1.536(18) 
C(22)-C(23) 1.394(12) 
C(22)-C(27) 1.407(14) 
C(23)-C(24) 1.392(11) 
C(23)-C(28) 1.487(12) 
C(24)-C(25) 1.392(13) 
C(25)-C(26) 1.328(14) 
C(25)-C(29) 1.535(15) 
C(26)-C(27) 1.354(14) 
C(27)-C(30) 1.521(16) 
 
Cl(3')-Fe-Cl(3) 76.9(5) 
Cl(3')-Fe-N(2) 141.6(5) 
Cl(3)-Fe-N(2) 134.0(4) 
Cl(3')-Fe-Cl(1) 98.6(2) 
Cl(3)-Fe-Cl(1) 111.2(3) 
N(2)-Fe-Cl(1) 90.2(2) 
Cl(3')-Fe-N(1) 93.0(3) 
Cl(3)-Fe-N(1) 81.4(3) 
N(2)-Fe-N(1) 74.3(3) 
Cl(1)-Fe-N(1) 164.4(2) 
Cl(3')-Fe-Cl(2') 115.0(5) 
Cl(3)-Fe-Cl(2') 41.4(4) 
N(2)-Fe-Cl(2') 102.3(4) 
Cl(1)-Fe-Cl(2') 89.4(2) 
N(1)-Fe-Cl(2') 95.1(3) 
Cl(3')-Fe-Cl(2) 33.3(3) 
Cl(3)-Fe-Cl(2) 107.4(5) 
N(2)-Fe-Cl(2) 108.4(4) 
Cl(1)-Fe-Cl(2) 99.45(18) 
N(1)-Fe-Cl(2) 84.6(3) 
Cl(2')-Fe-Cl(2) 147.9(4) 
C(1)-N(1)-C(13) 115.9(8) 
C(1)-N(1)-Fe 112.1(6) 
C(13)-N(1)-Fe 132.0(6) 
N(1)-C(1)-C(3) 136.4(8) 
N(1)-C(1)-C(2) 116.6(8) 
C(3)-C(1)-C(2) 107.0(8) 
C(2)-N(2)-C(22) 118.0(8) 
C(2)-N(2)-Fe 117.5(6) 
C(22)-N(2)-Fe 124.5(6) 
N(2)-C(2)-C(11) 133.7(8) 
N(2)-C(2)-C(1) 119.3(8) 
C(11)-C(2)-C(1) 106.9(7) 
C(4)-C(3)-C(12) 120.0(9) 
C(4)-C(3)-C(1) 133.7(9) 
C(12)-C(3)-C(1) 106.3(7) 
C(3)-C(4)-C(5) 118.2(10) 
C(6)-C(5)-C(4) 122.2(10) 
C(5)-C(6)-C(7) 120.9(10) 
C(12)-C(7)-C(8) 117.1(8) 
C(12)-C(7)-C(6) 116.0(8) 
C(8)-C(7)-C(6) 127.0(9) 
C(9)-C(8)-C(7) 119.8(9) 
C(8)-C(9)-C(10) 122.5(9) 
C(11)-C(10)-C(9) 118.5(8) 
C(10)-C(11)-C(12) 119.4(8) 
C(10)-C(11)-C(2) 135.5(8) 
C(12)-C(11)-C(2) 105.1(7) 
C(11)-C(12)-C(3) 114.7(8) 
C(11)-C(12)-C(7) 122.6(8) 
C(3)-C(12)-C(7) 122.7(8) 
C(14)-C(13)-N(1) 119.8(9) 
C(14)-C(13)-C(18) 119.9(10) 
N(1)-C(13)-C(18) 120.3(10) 
C(13)-C(14)-C(15) 119.2(10) 
C(13)-C(14)-C(19) 123.3(9) 
C(15)-C(14)-C(19) 117.5(9) 
C(14)-C(15)-C(16) 117.2(10) 
C(17)-C(16)-C(15) 120.6(13) 
C(17)-C(16)-C(20) 126.8(14) 
C(15)-C(16)-C(20) 112.6(12) 
C(16)-C(17)-C(18) 125.6(15) 
C(17)-C(18)-C(13) 117.5(12) 
C(17)-C(18)-C(21) 124.6(13) 
C(13)-C(18)-C(21) 117.6(11) 
C(23)-C(22)-C(27) 120.5(8) 
C(23)-C(22)-N(2) 119.5(8) 
C(27)-C(22)-N(2) 119.9(8) 
C(24)-C(23)-C(22) 117.8(8) 
C(24)-C(23)-C(28) 120.8(8) 
C(22)-C(23)-C(28) 121.3(8) 
C(25)-C(24)-C(23) 120.7(9) 
C(26)-C(25)-C(24) 119.2(10) 
C(26)-C(25)-C(29) 122.3(11) 
C(24)-C(25)-C(29) 118.5(10) 
C(25)-C(26)-C(27) 123.5(12) 
C(26)-C(27)-C(22) 118.1(10) 
C(26)-C(27)-C(30) 122.9(11) 
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C(22)-C(27)-C(30) 118.9(10) 
 245 
7.3  Crystal structure data for Chapter 4 
7.3.1  Crystal structure data for compound 14 
 
Empirical formula C54 H76 Cr N2 O2 . 0.75(C5 H12) 
Formula weight 891.28 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 13.0634(10) Å  = 70.281(8)° 
 b = 14.2895(12) Å  = 72.857(7)° 
 c = 17.1712(17) Å  = 82.796(7)° 
Volume, Z 2882.1(5) Å3, 2 
Density (calculated) 1.027 Mg/m3 
Absorption coefficient 0.236 mm-1 
F(000) 971 
Crystal colour / morphology Orange platy needles 
Crystal size 0.23 x 0.20 x 0.05 mm3 
 range for data collection 3.74 to 26.13° 
Index ranges -15<=h<=14, -17<=k<=17, -20<=l<=20 
Reflns collected / unique 17112 / 8585 [R(int) = 0.0920] 
Reflns observed [F>4 (F)] 4714 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.70720 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8585 / 44 / 574 
Goodness-of-fit on F2 1.112 
Final R indices [F>4 (F)] R1 = 0.1384, wR2 = 0.2823 
R indices (all data) R1 = 0.2160, wR2 = 0.3277 
Largest diff. peak, hole 0.994, -0.472 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
 
Bond lengths [Å] and angles [°]: 
 
Cr-O(31) 1.965(5) 
Cr-O(1) 1.975(5) 
Cr-N(37) 2.078(6) 
Cr-N(7) 2.079(7) 
O(1)-C(1) 1.273(9) 
C(1)-C(6) 1.415(10) 
C(1)-C(2) 1.451(11) 
C(2)-C(3) 1.366(11) 
C(2)-C(14) 1.534(11) 
C(3)-C(4) 1.396(12) 
C(4)-C(5) 1.387(12) 
C(4)-C(18) 1.553(13) 
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C(5)-C(6) 1.377(11) 
C(6)-C(7) 1.430(11) 
C(7)-N(7) 1.289(10) 
N(7)-C(8) 1.423(9) 
C(8)-C(9) 1.412(10) 
C(8)-C(13) 1.417(10) 
C(9)-C(10) 1.396(10) 
C(9)-C(22) 1.540(10) 
C(10)-C(11) 1.371(11) 
C(11)-C(12) 1.370(12) 
C(12)-C(13) 1.382(11) 
C(13)-C(25) 1.528(12) 
C(14)-C(17) 1.520(11) 
C(14)-C(15) 1.522(12) 
C(14)-C(16) 1.567(11) 
C(18)-C(19) 1.514(15) 
C(18)-C(21) 1.515(14) 
C(18)-C(20) 1.524(15) 
C(22)-C(24) 1.499(12) 
C(22)-C(23) 1.521(11) 
C(25)-C(27) 1.508(15) 
C(25)-C(26) 1.519(13) 
O(31)-C(31) 1.293(8) 
C(31)-C(36) 1.421(11) 
C(31)-C(32) 1.458(10) 
C(32)-C(33) 1.373(10) 
C(32)-C(44) 1.545(10) 
C(33)-C(34) 1.394(11) 
C(34)-C(35) 1.353(12) 
C(34)-C(48) 1.537(13) 
C(35)-C(36) 1.437(11) 
C(36)-C(37) 1.413(11) 
C(37)-N(37) 1.275(10) 
N(37)-C(38) 1.445(10) 
C(38)-C(39) 1.391(12) 
C(38)-C(43) 1.400(13) 
C(39)-C(40) 1.371(13) 
C(39)-C(52) 1.535(14) 
C(40)-C(41) 1.390(15) 
C(41)-C(42) 1.371(15) 
C(42)-C(43) 1.379(12) 
C(43)-C(55) 1.512(13) 
C(44)-C(47) 1.513(11) 
C(44)-C(46) 1.524(11) 
C(44)-C(45) 1.541(10) 
C(48)-C(50) 1.517(15) 
C(48)-C(51) 1.528(13) 
C(48)-C(49) 1.542(14) 
C(52)-C(53) 1.530(13) 
C(52)-C(54) 1.531(13) 
C(55)-C(56) 1.497(15) 
C(55)-C(57) 1.538(14) 
 
O(31)-Cr-O(1) 164.8(2) 
O(31)-Cr-N(37) 88.4(2) 
O(1)-Cr-N(37) 95.3(2) 
O(31)-Cr-N(7) 94.4(2) 
O(1)-Cr-N(7) 88.9(2) 
N(37)-Cr-N(7) 153.6(3) 
C(1)-O(1)-Cr 132.5(5) 
O(1)-C(1)-C(6) 122.3(8) 
O(1)-C(1)-C(2) 122.1(7) 
C(6)-C(1)-C(2) 115.5(7) 
C(3)-C(2)-C(1) 119.2(8) 
C(3)-C(2)-C(14) 120.1(8) 
C(1)-C(2)-C(14) 120.7(7) 
C(2)-C(3)-C(4) 124.8(8) 
C(5)-C(4)-C(3) 116.0(8) 
C(5)-C(4)-C(18) 125.0(8) 
C(3)-C(4)-C(18) 119.0(8) 
C(6)-C(5)-C(4) 121.9(8) 
C(5)-C(6)-C(1) 122.6(8) 
C(5)-C(6)-C(7) 114.3(7) 
C(1)-C(6)-C(7) 123.1(7) 
N(7)-C(7)-C(6) 129.2(7) 
C(7)-N(7)-C(8) 114.8(6) 
C(7)-N(7)-Cr 122.8(6) 
C(8)-N(7)-Cr 122.2(5) 
C(9)-C(8)-C(13) 118.9(7) 
C(9)-C(8)-N(7) 120.1(7) 
C(13)-C(8)-N(7) 120.9(7) 
C(10)-C(9)-C(8) 119.9(7) 
C(10)-C(9)-C(22) 118.0(7) 
C(8)-C(9)-C(22) 122.1(7) 
C(11)-C(10)-C(9) 119.9(7) 
C(12)-C(11)-C(10) 120.7(8) 
C(11)-C(12)-C(13) 121.6(8) 
C(12)-C(13)-C(8) 118.9(7) 
C(12)-C(13)-C(25) 121.5(7) 
C(8)-C(13)-C(25) 119.6(7) 
C(17)-C(14)-C(15) 107.5(7) 
C(17)-C(14)-C(2) 113.3(7) 
C(15)-C(14)-C(2) 110.9(6) 
C(17)-C(14)-C(16) 106.2(6) 
C(15)-C(14)-C(16) 110.1(7) 
C(2)-C(14)-C(16) 108.7(7) 
C(19)-C(18)-C(21) 107.2(9) 
C(19)-C(18)-C(20) 110.0(10) 
C(21)-C(18)-C(20) 107.8(10) 
C(19)-C(18)-C(4) 108.1(9) 
C(21)-C(18)-C(4) 112.0(8) 
C(20)-C(18)-C(4) 111.7(8) 
C(24)-C(22)-C(23) 111.2(8) 
C(24)-C(22)-C(9) 110.3(7) 
C(23)-C(22)-C(9) 112.6(7) 
C(27)-C(25)-C(26) 111.3(8) 
C(27)-C(25)-C(13) 110.3(8) 
C(26)-C(25)-C(13) 111.4(8) 
C(31)-O(31)-Cr 132.2(5) 
O(31)-C(31)-C(36) 121.4(7) 
O(31)-C(31)-C(32) 121.5(7) 
C(36)-C(31)-C(32) 117.1(7) 
C(33)-C(32)-C(31) 118.1(7) 
C(33)-C(32)-C(44) 120.6(7) 
C(31)-C(32)-C(44) 121.4(6) 
C(32)-C(33)-C(34) 125.6(8) 
C(35)-C(34)-C(33) 116.2(8) 
C(35)-C(34)-C(48) 122.7(8) 
C(33)-C(34)-C(48) 121.1(8) 
C(34)-C(35)-C(36) 123.3(8) 
C(37)-C(36)-C(31) 123.9(7) 
C(37)-C(36)-C(35) 117.0(7) 
C(31)-C(36)-C(35) 119.2(8) 
N(37)-C(37)-C(36) 128.2(7) 
C(37)-N(37)-C(38) 112.8(6) 
C(37)-N(37)-Cr 122.8(6) 
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C(38)-N(37)-Cr 123.7(5) 
C(39)-C(38)-C(43) 120.2(8) 
C(39)-C(38)-N(37) 120.5(8) 
C(43)-C(38)-N(37) 119.0(8) 
C(40)-C(39)-C(38) 120.2(10) 
C(40)-C(39)-C(52) 119.9(9) 
C(38)-C(39)-C(52) 119.9(8) 
C(39)-C(40)-C(41) 120.3(10) 
C(42)-C(41)-C(40) 118.8(10) 
C(41)-C(42)-C(43) 122.7(11) 
C(42)-C(43)-C(38) 117.8(10) 
C(42)-C(43)-C(55) 119.6(9) 
C(38)-C(43)-C(55) 122.6(8) 
C(47)-C(44)-C(46) 109.0(6) 
C(47)-C(44)-C(45) 106.4(7) 
C(46)-C(44)-C(45) 111.1(6) 
C(47)-C(44)-C(32) 112.7(6) 
C(46)-C(44)-C(32) 108.4(6) 
C(45)-C(44)-C(32) 109.3(6) 
C(50)-C(48)-C(51) 108.2(9) 
C(50)-C(48)-C(34) 110.3(9) 
C(51)-C(48)-C(34) 112.0(8) 
C(50)-C(48)-C(49) 108.6(9) 
C(51)-C(48)-C(49) 109.8(10) 
C(34)-C(48)-C(49) 107.9(8) 
C(53)-C(52)-C(54) 109.4(8) 
C(53)-C(52)-C(39) 111.7(9) 
C(54)-C(52)-C(39) 113.1(9) 
C(56)-C(55)-C(43) 112.9(9) 
C(56)-C(55)-C(57) 111.1(10) 
C(43)-C(55)-C(57) 111.6(9)
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7.3.2  Crystal structure data for compound 14
.
THF 
 
Empirical formula C58 H84 Cr N2 O3 . 0.5C5H12 
Formula weight 945.35 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 13.2127(4) Å  = 79.695(3)° 
 b = 13.6426(4) Å  = 82.407(3)° 
 c = 18.1704(7) Å  = 61.449(3)° 
Volume, Z 2826.48(16) Å3, 2 
Density (calculated) 1.111 Mg/m3 
Absorption coefficient 1.985 mm-1 
F(000) 1030 
Crystal colour / morphology Orange plates 
Crystal size 0.19 x 0.07 x 0.03 mm3 
 range for data collection 2.48 to 71.43° 
Index ranges -15<=h<=16, -15<=k<=16, -22<=l<=20 
Reflns collected / unique 28028 / 10600 [R(int) = 0.0404] 
Reflns observed [F>4 (F)] 6843 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.89875 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10600 / 86 / 618 
Goodness-of-fit on F2 0.926 
Final R indices [F>4 (F)] R1 = 0.0392, wR2 = 0.0934 
R indices (all data) R1 = 0.0666, wR2 = 0.1019 
Largest diff. peak, hole 0.540, -0.288 eÅ-3 
Mean and maximum shift/error 0.001 and 0.003 
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Bond lengths [Å] and angles [°]: 
 
Cr-O(1) 1.9675(13) 
Cr-O(31) 1.9680(13) 
Cr-N(37) 2.1056(15) 
Cr-N(7) 2.1278(15) 
Cr-O(60) 2.3876(15) 
O(1)-C(1) 1.310(2) 
C(1)-C(2) 1.426(3) 
C(1)-C(6) 1.428(3) 
C(2)-C(3) 1.388(3) 
C(2)-C(14) 1.539(3) 
C(3)-C(4) 1.402(3) 
C(4)-C(5) 1.374(3) 
C(4)-C(18) 1.535(3) 
C(5)-C(6) 1.412(3) 
C(6)-C(7) 1.433(3) 
C(7)-N(7) 1.297(2) 
N(7)-C(8) 1.454(2) 
C(8)-C(13) 1.400(3) 
C(8)-C(9) 1.402(3) 
C(9)-C(10) 1.393(3) 
C(9)-C(22) 1.526(3) 
C(10)-C(11) 1.383(3) 
C(11)-C(12) 1.376(3) 
C(12)-C(13) 1.393(3) 
C(13)-C(25) 1.516(3) 
C(14)-C(17) 1.529(3) 
C(14)-C(15) 1.537(3) 
C(14)-C(16) 1.538(3) 
C(18)-C(19) 1.517(3) 
C(18)-C(20) 1.522(3) 
C(18)-C(21) 1.536(3) 
C(22)-C(24) 1.523(3) 
C(22)-C(23) 1.528(3) 
C(25)-C(27) 1.519(3) 
C(25)-C(26) 1.527(3) 
O(31)-C(31) 1.307(2) 
C(31)-C(36) 1.419(3) 
C(31)-C(32) 1.435(3) 
C(32)-C(33) 1.384(3) 
C(32)-C(44) 1.534(3) 
C(33)-C(34) 1.409(3) 
C(34)-C(35) 1.371(3) 
C(34)-C(48) 1.536(3) 
C(35)-C(36) 1.421(3) 
C(36)-C(37) 1.426(3) 
C(37)-N(37) 1.305(2) 
N(37)-C(38) 1.455(2) 
C(38)-C(39) 1.390(3) 
C(38)-C(43) 1.400(3) 
C(39)-C(40) 1.398(3) 
C(39)-C(52) 1.521(3) 
C(40)-C(41) 1.371(3) 
C(41)-C(42) 1.373(3) 
C(42)-C(43) 1.398(3) 
C(43)-C(55) 1.516(3) 
C(44)-C(45) 1.528(3) 
C(44)-C(46) 1.530(3) 
C(44)-C(47) 1.546(3) 
C(48)-C(51) 1.513(3) 
C(48)-C(50) 1.531(3) 
C(48)-C(49) 1.531(3) 
C(52)-C(53) 1.514(3) 
C(52)-C(54) 1.523(3) 
C(55)-C(57) 1.522(3) 
C(55)-C(56) 1.524(3) 
O(60)-C(61) 1.425(3) 
O(60)-C(64) 1.427(2) 
C(61)-C(62) 1.435(4) 
C(62)-C(63) 1.495(4) 
C(63)-C(64) 1.519(3) 
C(71)-C(72) 1.508(11) 
C(72)-C(73) 1.509(11) 
C(73)-C(74) 1.488(10) 
C(74)-C(75) 1.491(11) 
C(71')-C(72') 1.499(14) 
C(72')-C(73') 1.478(13) 
C(73')-C(74') 1.521(14) 
C(74')-C(75') 1.496(14) 
 
O(1)-Cr-O(31) 171.34(6) 
O(1)-Cr-N(37) 93.21(6) 
O(31)-Cr-N(37) 87.98(6) 
O(1)-Cr-N(7) 88.44(6) 
O(31)-Cr-N(7) 95.57(6) 
N(37)-Cr-N(7) 144.49(6) 
O(1)-Cr-O(60) 86.75(6) 
O(31)-Cr-O(60) 85.06(6) 
N(37)-Cr-O(60) 116.88(6) 
N(7)-Cr-O(60) 98.63(6) 
C(1)-O(1)-Cr 134.10(12) 
O(1)-C(1)-C(2) 122.05(16) 
O(1)-C(1)-C(6) 120.63(17) 
C(2)-C(1)-C(6) 117.31(17) 
C(3)-C(2)-C(1) 118.46(17) 
C(3)-C(2)-C(14) 120.24(17) 
C(1)-C(2)-C(14) 121.29(16) 
C(2)-C(3)-C(4) 125.06(19) 
C(5)-C(4)-C(3) 115.91(18) 
C(5)-C(4)-C(18) 121.03(18) 
C(3)-C(4)-C(18) 123.05(18) 
C(4)-C(5)-C(6) 122.47(18) 
C(5)-C(6)-C(1) 120.53(18) 
C(5)-C(6)-C(7) 115.27(17) 
C(1)-C(6)-C(7) 124.18(17) 
N(7)-C(7)-C(6) 129.29(18) 
C(7)-N(7)-C(8) 113.14(16) 
C(7)-N(7)-Cr 122.27(13) 
C(8)-N(7)-Cr 124.09(12) 
C(13)-C(8)-C(9) 121.72(18) 
C(13)-C(8)-N(7) 118.79(18) 
C(9)-C(8)-N(7) 119.45(18) 
C(10)-C(9)-C(8) 118.0(2) 
C(10)-C(9)-C(22) 118.4(2) 
C(8)-C(9)-C(22) 123.46(18) 
C(11)-C(10)-C(9) 121.1(2) 
C(12)-C(11)-C(10) 119.6(2) 
C(11)-C(12)-C(13) 121.8(2) 
C(12)-C(13)-C(8) 117.6(2) 
C(12)-C(13)-C(25) 120.39(19) 
C(8)-C(13)-C(25) 121.94(18) 
C(17)-C(14)-C(15) 109.56(17) 
C(17)-C(14)-C(16) 107.12(17) 
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C(15)-C(14)-C(16) 107.62(16) 
C(17)-C(14)-C(2) 110.65(16) 
C(15)-C(14)-C(2) 109.60(16) 
C(16)-C(14)-C(2) 112.21(16) 
C(19)-C(18)-C(20) 107.81(19) 
C(19)-C(18)-C(4) 112.68(17) 
C(20)-C(18)-C(4) 110.62(17) 
C(19)-C(18)-C(21) 107.8(2) 
C(20)-C(18)-C(21) 109.16(19) 
C(4)-C(18)-C(21) 108.69(18) 
C(24)-C(22)-C(9) 110.46(19) 
C(24)-C(22)-C(23) 110.7(2) 
C(9)-C(22)-C(23) 113.1(2) 
C(13)-C(25)-C(27) 110.67(19) 
C(13)-C(25)-C(26) 112.76(19) 
C(27)-C(25)-C(26) 111.3(2) 
C(31)-O(31)-Cr 134.45(12) 
O(31)-C(31)-C(36) 120.95(17) 
O(31)-C(31)-C(32) 121.67(17) 
C(36)-C(31)-C(32) 117.38(17) 
C(33)-C(32)-C(31) 118.33(18) 
C(33)-C(32)-C(44) 120.13(18) 
C(31)-C(32)-C(44) 121.50(17) 
C(32)-C(33)-C(34) 125.06(19) 
C(35)-C(34)-C(33) 116.19(18) 
C(35)-C(34)-C(48) 124.01(18) 
C(33)-C(34)-C(48) 119.81(18) 
C(34)-C(35)-C(36) 121.99(18) 
C(31)-C(36)-C(35) 120.94(18) 
C(31)-C(36)-C(37) 123.59(17) 
C(35)-C(36)-C(37) 115.41(17) 
N(37)-C(37)-C(36) 129.37(18) 
C(37)-N(37)-C(38) 112.29(15) 
C(37)-N(37)-Cr 122.56(13) 
C(38)-N(37)-Cr 124.87(11) 
C(39)-C(38)-C(43) 122.29(19) 
C(39)-C(38)-N(37) 118.40(18) 
C(43)-C(38)-N(37) 119.26(18) 
C(38)-C(39)-C(40) 117.5(2) 
C(38)-C(39)-C(52) 121.99(19) 
C(40)-C(39)-C(52) 120.5(2) 
C(41)-C(40)-C(39) 121.4(2) 
C(40)-C(41)-C(42) 120.1(2) 
C(41)-C(42)-C(43) 121.1(2) 
C(42)-C(43)-C(38) 117.5(2) 
C(42)-C(43)-C(55) 120.3(2) 
C(38)-C(43)-C(55) 122.15(19) 
C(45)-C(44)-C(46) 107.66(18) 
C(45)-C(44)-C(32) 110.31(17) 
C(46)-C(44)-C(32) 112.29(17) 
C(45)-C(44)-C(47) 110.00(17) 
C(46)-C(44)-C(47) 108.19(19) 
C(32)-C(44)-C(47) 108.36(17) 
C(51)-C(48)-C(50) 109.2(2) 
C(51)-C(48)-C(49) 108.0(2) 
C(50)-C(48)-C(49) 108.3(2) 
C(51)-C(48)-C(34) 111.62(17) 
C(50)-C(48)-C(34) 110.63(18) 
C(49)-C(48)-C(34) 109.02(18) 
C(53)-C(52)-C(39) 112.5(2) 
C(53)-C(52)-C(54) 109.2(2) 
C(39)-C(52)-C(54) 112.9(2) 
C(43)-C(55)-C(57) 110.79(19) 
C(43)-C(55)-C(56) 112.2(2) 
C(57)-C(55)-C(56) 112.0(2) 
C(61)-O(60)-C(64) 107.63(18) 
C(61)-O(60)-Cr 123.00(15) 
C(64)-O(60)-Cr 126.64(14) 
O(60)-C(61)-C(62) 106.3(2) 
C(61)-C(62)-C(63) 105.3(3) 
C(62)-C(63)-C(64) 103.2(2) 
O(60)-C(64)-C(63) 107.1(2) 
C(71)-C(72)-C(73) 113.5(9) 
C(74)-C(73)-C(72) 114.1(8) 
C(73)-C(74)-C(75) 115.7(9) 
C(73')-C(72')-C(71') 116.0(15) 
C(72')-C(73')-C(74') 114.1(14) 
C(75')-C(74')-C(73') 111.0(13) 
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7.3.3  Crystal structure data for compound 14a 
 
 
 
Empirical formula C58 H81 Cr N2 O4 . C4 H6 O2 
Formula weight 1008.34 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 14.0035(5) Å  = 89.960(3)° 
 b = 15.1374(5) Å  = 74.475(3)° 
 c = 15.8481(5) Å  = 68.062(3)° 
Volume, Z 2983.88(17) Å3, 2 
Density (calculated) 1.122 Mg/m3 
Absorption coefficient 0.240 mm-1 
F(000) 1090 
Crystal colour / morphology Green blocks 
Crystal size 0.30 x 0.28 x 0.09 mm3 
 range for data collection 3.82 to 32.61° 
Index ranges -20<=h<=20, -22<=k<=22, -23<=l<=23 
Reflns collected / unique 43074 / 18790 [R(int) = 0.0556] 
Reflns observed [F>4 (F)] 9926 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.69664 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 18790 / 48 / 692 
Goodness-of-fit on F2 0.998 
Final R indices [F>4 (F)] R1 = 0.0623, wR2 = 0.1583 
R indices (all data) R1 = 0.1268, wR2 = 0.1904 
Largest diff. peak, hole 0.597, -0.451 eÅ-3 
Mean and maximum shift/error  0.000 and 0.002 
 
Bond lengths [Å] and angles [°]: 
 
Cr-O(61') 1.811(7) 
Cr-O(31) 1.9114(13) 
Cr-O(1) 1.9122(13) 
Cr-O(61) 1.987(3) 
Cr-O(64') 2.009(6) 
Cr-O(64) 2.070(3) 
Cr-N(37) 2.1052(19) 
Cr-N(7) 2.1140(16) 
O(1)-C(1) 1.311(2) 
C(1)-C(6) 1.414(3) 
C(1)-C(2) 1.435(3) 
C(2)-C(3) 1.374(3) 
C(2)-C(14) 1.543(3) 
C(3)-C(4) 1.410(3) 
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C(4)-C(5) 1.372(3) 
C(4)-C(18) 1.540(3) 
C(5)-C(6) 1.409(3) 
C(6)-C(7) 1.436(2) 
C(7)-N(7) 1.303(2) 
N(7)-C(8) 1.462(2) 
C(8)-C(9) 1.403(3) 
C(8)-C(13) 1.411(3) 
C(9)-C(10) 1.398(3) 
C(9)-C(22) 1.524(3) 
C(10)-C(11) 1.364(4) 
C(11)-C(12) 1.369(4) 
C(12)-C(13) 1.402(3) 
C(13)-C(25) 1.502(3) 
C(14)-C(17) 1.527(4) 
C(14)-C(15) 1.531(4) 
C(14)-C(16) 1.541(3) 
C(18)-C(20) 1.526(3) 
C(18)-C(19) 1.533(3) 
C(18)-C(21) 1.534(3) 
C(22)-C(24) 1.530(4) 
C(22)-C(23) 1.537(4) 
C(25)-C(26) 1.534(3) 
C(25)-C(27) 1.535(3) 
O(31)-C(31) 1.308(2) 
C(31)-C(36) 1.402(3) 
C(31)-C(32) 1.445(2) 
C(32)-C(33) 1.378(3) 
C(32)-C(44) 1.535(3) 
C(33)-C(34) 1.414(3) 
C(34)-C(35) 1.372(3) 
C(34)-C(48) 1.529(3) 
C(35)-C(36) 1.427(3) 
C(36)-C(37) 1.430(2) 
C(37)-N(37) 1.304(3) 
N(37)-C(38) 1.464(2) 
C(38)-C(43) 1.403(3) 
C(38)-C(39) 1.410(3) 
C(39)-C(40) 1.402(3) 
C(39)-C(52) 1.516(4) 
C(40)-C(41) 1.374(4) 
C(41)-C(42) 1.371(4) 
C(42)-C(43) 1.398(3) 
C(43)-C(55) 1.511(3) 
C(44)-C(46) 1.536(3) 
C(44)-C(45) 1.537(3) 
C(44)-C(47) 1.540(3) 
C(48)-C(50) 1.525(4) 
C(48)-C(51) 1.539(4) 
C(48)-C(49) 1.548(4) 
C(52)-C(53) 1.529(5) 
C(52)-C(54) 1.536(5) 
C(55)-C(57) 1.536(4) 
C(55)-C(56) 1.542(3) 
C(60)-C(61) 1.500(6) 
C(61)-O(61) 1.280(6) 
C(61)-C(62) 1.408(7) 
C(62)-C(63) 1.343(7) 
C(63)-O(64) 1.250(5) 
C(60')-C(61') 1.554(12) 
C(61')-C(62') 1.276(12) 
C(61')-O(61') 1.299(12) 
C(62')-C(63') 1.424(11) 
C(63')-O(64') 1.258(10) 
 
O(61')-Cr-O(31) 88.7(2) 
O(61')-Cr-O(1) 90.9(2) 
O(31)-Cr-O(1) 178.15(6) 
O(61')-Cr-O(61) 73.8(2) 
O(31)-Cr-O(61) 91.22(8) 
O(1)-Cr-O(61) 86.93(8) 
O(61')-Cr-O(64') 91.1(2) 
O(31)-Cr-O(64') 88.85(17) 
O(1)-Cr-O(64') 89.37(17) 
O(61)-Cr-O(64') 17.44(15) 
O(61')-Cr-O(64) 11.6(2) 
O(31)-Cr-O(64) 88.97(9) 
O(1)-Cr-O(64) 90.94(9) 
O(61)-Cr-O(64) 85.44(14) 
O(64')-Cr-O(64) 102.66(17) 
O(61')-Cr-N(37) 166.64(19) 
O(31)-Cr-N(37) 89.38(6) 
O(1)-Cr-N(37) 90.67(6) 
O(61)-Cr-N(37) 92.99(14) 
O(64')-Cr-N(37) 75.69(18) 
O(64)-Cr-N(37) 177.69(11) 
O(61')-Cr-N(7) 91.88(19) 
O(31)-Cr-N(7) 92.03(6) 
O(1)-Cr-N(7) 89.77(6) 
O(61)-Cr-N(7) 165.28(14) 
O(64')-Cr-N(7) 176.95(17) 
O(64)-Cr-N(7) 80.27(11) 
N(37)-Cr-N(7) 101.40(6) 
C(1)-O(1)-Cr 133.87(12) 
O(1)-C(1)-C(6) 121.42(16) 
O(1)-C(1)-C(2) 120.09(17) 
C(6)-C(1)-C(2) 118.48(17) 
C(3)-C(2)-C(1) 117.64(17) 
C(3)-C(2)-C(14) 121.95(17) 
C(1)-C(2)-C(14) 120.39(17) 
C(2)-C(3)-C(4) 124.98(17) 
C(5)-C(4)-C(3) 116.45(17) 
C(5)-C(4)-C(18) 124.15(17) 
C(3)-C(4)-C(18) 119.29(16) 
C(4)-C(5)-C(6) 122.00(17) 
C(5)-C(6)-C(1) 120.33(16) 
C(5)-C(6)-C(7) 116.14(17) 
C(1)-C(6)-C(7) 123.44(17) 
N(7)-C(7)-C(6) 129.74(18) 
C(7)-N(7)-C(8) 113.08(16) 
C(7)-N(7)-Cr 121.01(12) 
C(8)-N(7)-Cr 123.80(12) 
C(9)-C(8)-C(13) 120.50(18) 
C(9)-C(8)-N(7) 119.72(18) 
C(13)-C(8)-N(7) 119.72(18) 
C(10)-C(9)-C(8) 118.2(2) 
C(10)-C(9)-C(22) 117.2(2) 
C(8)-C(9)-C(22) 124.46(18) 
C(11)-C(10)-C(9) 121.6(2) 
C(10)-C(11)-C(12) 120.1(2) 
C(11)-C(12)-C(13) 121.3(2) 
C(12)-C(13)-C(8) 118.1(2) 
C(12)-C(13)-C(25) 119.6(2) 
C(8)-C(13)-C(25) 121.68(18) 
C(17)-C(14)-C(15) 110.6(2) 
C(17)-C(14)-C(16) 107.8(2) 
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C(15)-C(14)-C(16) 107.5(2) 
C(17)-C(14)-C(2) 109.63(18) 
C(15)-C(14)-C(2) 110.0(2) 
C(16)-C(14)-C(2) 111.30(17) 
C(20)-C(18)-C(19) 109.03(19) 
C(20)-C(18)-C(21) 107.53(19) 
C(19)-C(18)-C(21) 109.54(19) 
C(20)-C(18)-C(4) 111.99(16) 
C(19)-C(18)-C(4) 109.31(19) 
C(21)-C(18)-C(4) 109.40(16) 
C(9)-C(22)-C(24) 111.4(2) 
C(9)-C(22)-C(23) 110.7(2) 
C(24)-C(22)-C(23) 110.2(2) 
C(13)-C(25)-C(26) 113.7(2) 
C(13)-C(25)-C(27) 107.98(19) 
C(26)-C(25)-C(27) 109.9(2) 
C(31)-O(31)-Cr 134.01(12) 
O(31)-C(31)-C(36) 121.93(16) 
O(31)-C(31)-C(32) 119.81(19) 
C(36)-C(31)-C(32) 118.26(19) 
C(33)-C(32)-C(31) 117.6(2) 
C(33)-C(32)-C(44) 122.21(17) 
C(31)-C(32)-C(44) 120.19(19) 
C(32)-C(33)-C(34) 125.02(18) 
C(35)-C(34)-C(33) 116.4(2) 
C(35)-C(34)-C(48) 123.5(2) 
C(33)-C(34)-C(48) 120.10(18) 
C(34)-C(35)-C(36) 121.6(2) 
C(31)-C(36)-C(35) 120.68(17) 
C(31)-C(36)-C(37) 123.56(19) 
C(35)-C(36)-C(37) 115.75(19) 
N(37)-C(37)-C(36) 129.0(2) 
C(37)-N(37)-C(38) 113.02(18) 
C(37)-N(37)-Cr 121.84(13) 
C(38)-N(37)-Cr 124.22(14) 
C(43)-C(38)-C(39) 120.77(19) 
C(43)-C(38)-N(37) 120.40(19) 
C(39)-C(38)-N(37) 118.76(19) 
C(40)-C(39)-C(38) 117.7(2) 
C(40)-C(39)-C(52) 118.1(2) 
C(38)-C(39)-C(52) 124.0(2) 
C(41)-C(40)-C(39) 121.9(3) 
C(42)-C(41)-C(40) 119.6(2) 
C(41)-C(42)-C(43) 121.5(2) 
C(42)-C(43)-C(38) 118.6(2) 
C(42)-C(43)-C(55) 118.4(2) 
C(38)-C(43)-C(55) 122.54(18) 
C(32)-C(44)-C(46) 111.87(19) 
C(32)-C(44)-C(45) 110.61(17) 
C(46)-C(44)-C(45) 107.72(18) 
C(32)-C(44)-C(47) 109.70(18) 
C(46)-C(44)-C(47) 107.71(17) 
C(45)-C(44)-C(47) 109.1(2) 
C(50)-C(48)-C(34) 110.5(2) 
C(50)-C(48)-C(51) 109.0(3) 
C(34)-C(48)-C(51) 111.8(2) 
C(50)-C(48)-C(49) 110.9(3) 
C(34)-C(48)-C(49) 108.2(2) 
C(51)-C(48)-C(49) 106.4(2) 
C(39)-C(52)-C(53) 110.8(3) 
C(39)-C(52)-C(54) 111.1(2) 
C(53)-C(52)-C(54) 110.9(3) 
C(43)-C(55)-C(57) 108.9(2) 
C(43)-C(55)-C(56) 114.1(2) 
C(57)-C(55)-C(56) 109.4(2) 
O(61)-C(61)-C(62) 124.6(4) 
O(61)-C(61)-C(60) 117.3(5) 
C(62)-C(61)-C(60) 118.0(5) 
C(61)-O(61)-Cr 131.8(3) 
C(63)-C(62)-C(61) 120.7(5) 
O(64)-C(63)-C(62) 131.2(5) 
C(63)-O(64)-Cr 126.2(4) 
C(62')-C(61')-O(61') 127.7(9) 
C(62')-C(61')-C(60') 118.2(10) 
O(61')-C(61')-C(60') 114.0(8) 
C(61')-O(61')-Cr 129.3(5) 
C(61')-C(62')-C(63') 121.5(9) 
O(64')-C(63')-C(62') 127.1(8) 
C(63')-O(64')-Cr    122.8(5)
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7.3.4  Crystal structure data for compound 14b 
 
 
 
Empirical formula C56 H79 Cr N2 O4 
Formula weight 896.21 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 11.8410(6) Å  = 106.810(4)° 
 b = 15.4376(8) Å  = 107.003(4)° 
 c = 17.4669(8) Å  = 104.188(4)° 
Volume, Z 2726.7(3) Å3, 2 
Density (calculated) 1.092 Mg/m3 
Absorption coefficient 2.050 mm-1 
F(000) 970 
Crystal colour / morphology Green tablets 
Crystal size 0.25 x 0.19 x 0.05 mm3 
 range for data collection 2.87 to 72.74° 
Index ranges -14<=h<=14, -19<=k<=18, -10<=l<=21 
Reflns collected / unique 15761 / 15761 [R(int) = 0.0000] 
Reflns observed [F>4 (F)] 12972 
Absorption correction Analytical 
Max. and min. transmission 0.905 and 0.681 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 15761 / 0 / 570 
Goodness-of-fit on F2 1.124 
Final R indices [F>4 (F)] R1 = 0.0834, wR2 = 0.2367 
R indices (all data) R1 = 0.0987, wR2 = 0.2652 
Largest diff. peak, hole 1.159, -0.998 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
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Bond lengths [Å] and angles [°]: 
 
Cr-O(31) 1.9208(18) 
Cr-O(1) 1.9246(18) 
Cr-O(62) 2.024(2) 
Cr-O(61) 2.025(2) 
Cr-N(37) 2.075(2) 
Cr-N(7) 2.081(2) 
Cr-C(60) 2.354(3) 
O(1)-C(1) 1.305(3) 
C(1)-C(6) 1.418(4) 
C(1)-C(2) 1.433(4) 
C(2)-C(3) 1.383(4) 
C(2)-C(14) 1.533(4) 
C(3)-C(4) 1.406(5) 
C(4)-C(5) 1.358(5) 
C(4)-C(18) 1.545(5) 
C(5)-C(6) 1.418(4) 
C(6)-C(7) 1.420(4) 
C(7)-N(7) 1.305(4) 
N(7)-C(8) 1.465(3) 
C(8)-C(9) 1.397(4) 
C(8)-C(13) 1.407(4) 
C(9)-C(10) 1.401(4) 
C(9)-C(22) 1.528(4) 
C(10)-C(11) 1.371(5) 
C(11)-C(12) 1.377(5) 
C(12)-C(13) 1.395(4) 
C(13)-C(25) 1.510(4) 
C(14)-C(16) 1.532(4) 
C(14)-C(17) 1.534(4) 
C(14)-C(15) 1.535(5) 
C(18)-C(20) 1.515(6) 
C(18)-C(19) 1.529(5) 
C(18)-C(21) 1.541(6) 
C(22)-C(24) 1.516(5) 
C(22)-C(23) 1.535(5) 
C(25)-C(26) 1.529(5) 
C(25)-C(27) 1.534(5) 
O(31)-C(31) 1.299(3) 
C(31)-C(36) 1.408(4) 
C(31)-C(32) 1.452(4) 
C(32)-C(33) 1.371(4) 
C(32)-C(44) 1.537(4) 
C(33)-C(34) 1.417(4) 
C(34)-C(35) 1.372(4) 
C(34)-C(48) 1.522(4) 
C(35)-C(36) 1.413(4) 
C(36)-C(37) 1.432(3) 
C(37)-N(37) 1.283(3) 
N(37)-C(38) 1.469(3) 
C(38)-C(43) 1.394(4) 
C(38)-C(39) 1.403(4) 
C(39)-C(40) 1.405(4) 
C(39)-C(52) 1.521(4) 
C(40)-C(41) 1.377(5) 
C(41)-C(42) 1.375(5) 
C(42)-C(43) 1.400(4) 
C(43)-C(55) 1.504(4) 
C(44)-C(46) 1.528(4) 
C(44)-C(45) 1.530(4) 
C(44)-C(47) 1.547(4) 
C(48)-C(51) 1.527(5) 
C(48)-C(49) 1.533(5) 
C(48)-C(50) 1.536(5) 
C(52)-C(53) 1.527(5) 
C(52)-C(54) 1.533(5) 
C(55)-C(57) 1.532(5) 
C(55)-C(56) 1.538(5) 
C(60)-O(62) 1.300(4) 
C(60)-O(61) 1.312(4) 
C(60)-C(63) 1.459(5) 
 
O(31)-Cr-O(1) 177.97(8) 
O(31)-Cr-O(62) 87.24(8) 
O(1)-Cr-O(62) 91.53(9) 
O(31)-Cr-O(61) 89.59(9) 
O(1)-Cr-O(61) 88.45(8) 
O(62)-Cr-O(61) 67.31(9) 
O(31)-Cr-N(37) 89.11(8) 
O(1)-Cr-N(37) 91.54(8) 
O(62)-Cr-N(37) 160.87(9) 
O(61)-Cr-N(37) 93.90(9) 
O(31)-Cr-N(7) 92.16(8) 
O(1)-Cr-N(7) 89.54(8) 
O(62)-Cr-N(7) 94.20(8) 
O(61)-Cr-N(7) 161.33(9) 
N(37)-Cr-N(7) 104.71(8) 
O(31)-Cr-C(60) 87.82(11) 
O(1)-Cr-C(60) 90.26(11) 
O(62)-Cr-C(60) 33.49(11) 
O(61)-Cr-C(60) 33.83(11) 
N(37)-Cr-C(60) 127.62(11) 
N(7)-Cr-C(60) 127.65(10) 
C(1)-O(1)-Cr 133.34(16) 
O(1)-C(1)-C(6) 121.2(2) 
O(1)-C(1)-C(2) 120.5(2) 
C(6)-C(1)-C(2) 118.2(2) 
C(3)-C(2)-C(1) 117.2(3) 
C(3)-C(2)-C(14) 121.2(2) 
C(1)-C(2)-C(14) 121.6(3) 
C(2)-C(3)-C(4) 125.2(3) 
C(5)-C(4)-C(3) 117.2(3) 
C(5)-C(4)-C(18) 122.7(3) 
C(3)-C(4)-C(18) 120.0(3) 
C(4)-C(5)-C(6) 121.2(3) 
C(1)-C(6)-C(5) 120.9(2) 
C(1)-C(6)-C(7) 123.2(3) 
C(5)-C(6)-C(7) 115.8(2) 
N(7)-C(7)-C(6) 129.6(2) 
C(7)-N(7)-C(8) 112.5(2) 
C(7)-N(7)-Cr 121.98(16) 
C(8)-N(7)-Cr 123.46(17) 
C(9)-C(8)-C(13) 122.1(2) 
C(9)-C(8)-N(7) 117.9(2) 
C(13)-C(8)-N(7) 119.8(2) 
C(8)-C(9)-C(10) 117.7(3) 
C(8)-C(9)-C(22) 124.1(2) 
C(10)-C(9)-C(22) 118.2(2) 
C(11)-C(10)-C(9) 121.3(3) 
C(10)-C(11)-C(12) 119.9(3) 
C(11)-C(12)-C(13) 121.8(3) 
C(12)-C(13)-C(8) 117.1(2) 
C(12)-C(13)-C(25) 119.5(3) 
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C(8)-C(13)-C(25) 123.0(2) 
C(16)-C(14)-C(2) 109.6(2) 
C(16)-C(14)-C(17) 107.4(3) 
C(2)-C(14)-C(17) 112.5(3) 
C(16)-C(14)-C(15) 109.2(3) 
C(2)-C(14)-C(15) 110.4(2) 
C(17)-C(14)-C(15) 107.6(3) 
C(20)-C(18)-C(19) 107.9(4) 
C(20)-C(18)-C(21) 108.6(4) 
C(19)-C(18)-C(21) 108.0(3) 
C(20)-C(18)-C(4) 112.6(3) 
C(19)-C(18)-C(4) 110.1(3) 
C(21)-C(18)-C(4) 109.4(3) 
C(24)-C(22)-C(9) 112.5(3) 
C(24)-C(22)-C(23) 111.1(3) 
C(9)-C(22)-C(23) 110.4(3) 
C(13)-C(25)-C(26) 112.8(3) 
C(13)-C(25)-C(27) 108.7(3) 
C(26)-C(25)-C(27) 109.9(3) 
C(31)-O(31)-Cr 133.61(15) 
O(31)-C(31)-C(36) 122.1(2) 
O(31)-C(31)-C(32) 120.0(2) 
C(36)-C(31)-C(32) 117.9(2) 
C(33)-C(32)-C(31) 117.4(2) 
C(33)-C(32)-C(44) 122.6(2) 
C(31)-C(32)-C(44) 120.0(2) 
C(32)-C(33)-C(34) 125.5(2) 
C(35)-C(34)-C(33) 116.0(3) 
C(35)-C(34)-C(48) 124.3(2) 
C(33)-C(34)-C(48) 119.7(2) 
C(34)-C(35)-C(36) 122.0(2) 
C(31)-C(36)-C(35) 121.0(2) 
C(31)-C(36)-C(37) 122.6(2) 
C(35)-C(36)-C(37) 116.2(2) 
N(37)-C(37)-C(36) 129.0(2) 
C(37)-N(37)-C(38) 114.0(2) 
C(37)-N(37)-Cr 123.22(16) 
C(38)-N(37)-Cr 121.36(16) 
C(43)-C(38)-C(39) 122.4(2) 
C(43)-C(38)-N(37) 119.8(2) 
C(39)-C(38)-N(37) 117.7(2) 
C(38)-C(39)-C(40) 117.3(3) 
C(38)-C(39)-C(52) 123.7(2) 
C(40)-C(39)-C(52) 118.9(3) 
C(41)-C(40)-C(39) 121.3(3) 
C(42)-C(41)-C(40) 119.8(2) 
C(41)-C(42)-C(43) 121.7(3) 
C(38)-C(43)-C(42) 117.4(3) 
C(38)-C(43)-C(55) 122.4(2) 
C(42)-C(43)-C(55) 120.0(3) 
C(46)-C(44)-C(45) 109.6(3) 
C(46)-C(44)-C(32) 110.9(2) 
C(45)-C(44)-C(32) 110.3(2) 
C(46)-C(44)-C(47) 107.2(2) 
C(45)-C(44)-C(47) 107.6(3) 
C(32)-C(44)-C(47) 111.1(2) 
C(34)-C(48)-C(51) 112.2(3) 
C(34)-C(48)-C(49) 109.0(3) 
C(51)-C(48)-C(49) 107.4(3) 
C(34)-C(48)-C(50) 110.7(3) 
C(51)-C(48)-C(50) 108.5(3) 
C(49)-C(48)-C(50) 108.9(3) 
C(39)-C(52)-C(53) 111.0(3) 
C(39)-C(52)-C(54) 110.9(3) 
C(53)-C(52)-C(54) 111.7(3) 
C(43)-C(55)-C(57) 113.9(3) 
C(43)-C(55)-C(56) 108.2(3) 
C(57)-C(55)-C(56) 111.2(3) 
O(62)-C(60)-O(61) 118.4(3) 
O(62)-C(60)-C(63) 121.5(3) 
O(61)-C(60)-C(63) 120.1(3) 
O(62)-C(60)-Cr        59.19(15) 
O(61)-C(60)-Cr        59.22(15) 
C(63)-C(60)-Cr 177.6(3) 
C(60)-O(61)-Cr        86.96(18) 
C(60)-O(62)-Cr     87.33(18)
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7.3.5  Crystal structure data for compounds 14a’-14b’ 
 
 
 
Empirical formula [C56 H79 N2 O4 Cr]0.56 
 [C58 H81 N2 O4 Cr]0.44 .  0.5(C4H6O2) 
Formula weight 950.71 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, P2(1)/n 
Unit cell dimensions a = 12.0792(3) Å  = 90° 
 b = 26.9800(8) Å  = 94.035(2)° 
 c = 17.6679(5) Å  = 90° 
Volume, Z 5743.6(3) Å3, 4 
Density (calculated) 1.099 Mg/m3 
Absorption coefficient 0.244 mm-1 
F(000) 2057 
Crystal colour / morphology Red blocky needles 
Crystal size 0.36 x 0.16 x 0.16 mm3 
 range for data collection 3.70 to 32.46° 
Index ranges -17<=h<=17, -38<=k<=39, -26<=l<=26 
Reflns collected / unique 69843 / 18624 [R(int) = 0.0786] 
Reflns observed [F>4 (F)] 10430 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.64365 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 18624 / 180 / 672 
Goodness-of-fit on F2 1.072 
Final R indices [F>4 (F)] R1 = 0.1236, wR2 = 0.3047 
R indices (all data) R1 = 0.1904, wR2 = 0.3346 
Largest diff. peak, hole 1.640, -1.497 eÅ-3 
Mean and maximum shift/error 0.000 and 0.002 
 
Bond lengths [Å] and angles [°]: 
 
Cr-O(31) 1.927(3) 
Cr-O(1) 1.930(3) 
Cr-O(64') 2.008(17) 
Cr-O(61) 2.011(6) 
Cr-O(61') 2.014(10) 
Cr-O(62) 2.017(13) 
Cr-N(7) 2.064(3) 
Cr-N(37) 2.072(3) 
O(1)-C(1) 1.318(5) 
C(1)-C(6) 1.406(6) 
C(1)-C(2) 1.440(6) 
C(2)-C(3) 1.377(7) 
C(2)-C(14) 1.528(7) 
C(3)-C(4) 1.410(8) 
C(4)-C(5) 1.361(7) 
C(4)-C(18) 1.526(7) 
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C(5)-C(6) 1.413(6) 
C(6)-C(7) 1.438(6) 
C(7)-N(7) 1.300(5) 
N(7)-C(8) 1.442(5) 
C(8)-C(9) 1.401(6) 
C(8)-C(13) 1.412(6) 
C(9)-C(10) 1.388(7) 
C(9)-C(22) 1.487(8) 
C(10)-C(11) 1.372(9) 
C(11)-C(12) 1.356(8) 
C(12)-C(13) 1.398(6) 
C(13)-C(25) 1.515(7) 
C(14)-C(17) 1.537(7) 
C(14)-C(16) 1.538(7) 
C(14)-C(15) 1.542(9) 
C(18)-C(19) 1.524(9) 
C(18)-C(20) 1.538(8) 
C(18)-C(21) 1.541(10) 
C(22)-C(23) 1.527(10) 
C(22)-C(24') 1.545(14) 
C(22)-C(24) 1.595(10) 
C(22)-C(23') 1.602(17) 
C(25)-C(26) 1.524(7) 
C(25)-C(27) 1.532(8) 
O(31)-C(31) 1.316(4) 
C(31)-C(36) 1.423(5) 
C(31)-C(32) 1.429(5) 
C(32)-C(33) 1.379(6) 
C(32)-C(44) 1.539(5) 
C(33)-C(34) 1.407(6) 
C(34)-C(35) 1.369(6) 
C(34)-C(48) 1.530(6) 
C(35)-C(36) 1.408(5) 
C(36)-C(37) 1.432(5) 
C(37)-N(37) 1.294(5) 
N(37)-C(38) 1.454(5) 
C(38)-C(39) 1.385(7) 
C(38)-C(43) 1.399(7) 
C(39)-C(40) 1.399(8) 
C(39)-C(52) 1.524(8) 
C(40)-C(41) 1.357(11) 
C(41)-C(42) 1.368(11) 
C(42)-C(43) 1.409(8) 
C(43)-C(55) 1.515(8) 
C(44)-C(46) 1.530(6) 
C(44)-C(45) 1.531(7) 
C(44)-C(47) 1.537(7) 
C(48)-C(49') 1.501(15) 
C(48)-C(50) 1.507(8) 
C(48)-C(51) 1.507(8) 
C(48)-C(50') 1.511(15) 
C(48)-C(51') 1.521(14) 
C(48)-C(49) 1.522(8) 
C(52)-C(53) 1.509(9) 
C(52)-C(54) 1.555(9) 
C(55)-C(57) 1.520(9) 
C(55)-C(56) 1.523(9) 
C(60)-O(62) 1.241(14) 
C(60)-O(61) 1.280(12) 
C(60)-C(63) 1.440(15) 
C(60')-C(61') 1.51(3) 
C(61')-O(61') 1.261(16) 
C(61')-C(62') 1.34(2) 
C(62')-C(63') 1.44(2) 
C(63')-O(64') 1.26(2) 
 
O(31)-Cr-O(1) 92.10(12) 
O(31)-Cr-O(64') 173.9(5) 
O(1)-Cr-O(64') 93.1(4) 
O(31)-Cr-O(61) 103.0(2) 
O(1)-Cr-O(61) 164.9(2) 
O(64')-Cr-O(61) 71.8(5) 
O(31)-Cr-O(61') 85.7(3) 
O(1)-Cr-O(61') 176.3(3) 
O(64')-Cr-O(61') 89.2(5) 
O(61)-Cr-O(61') 17.4(2) 
O(31)-Cr-O(62) 167.0(3) 
O(1)-Cr-O(62) 100.9(3) 
O(64')-Cr-O(62) 8.8(5) 
O(61)-Cr-O(62) 64.1(4) 
O(61')-Cr-O(62) 81.3(4) 
O(31)-Cr-N(7) 92.94(12) 
O(1)-Cr-N(7) 87.89(12) 
O(64')-Cr-N(7) 90.5(4) 
O(61)-Cr-N(7) 91.02(18) 
O(61')-Cr-N(7) 89.3(3) 
O(62)-Cr-N(7) 86.5(4) 
O(31)-Cr-N(37) 88.78(12) 
O(1)-Cr-N(37) 93.09(12) 
O(64')-Cr-N(37) 87.7(4) 
O(61)-Cr-N(37) 87.58(18) 
O(61')-Cr-N(37) 89.8(3) 
O(62)-Cr-N(37) 91.6(4) 
N(7)-Cr-N(37) 177.99(13) 
C(1)-O(1)-Cr 128.7(3) 
O(1)-C(1)-C(6) 121.5(4) 
O(1)-C(1)-C(2) 121.4(4) 
C(6)-C(1)-C(2) 117.1(4) 
C(3)-C(2)-C(1) 117.6(4) 
C(3)-C(2)-C(14) 120.9(4) 
C(1)-C(2)-C(14) 121.5(4) 
C(2)-C(3)-C(4) 125.6(4) 
C(5)-C(4)-C(3) 115.8(4) 
C(5)-C(4)-C(18) 124.3(5) 
C(3)-C(4)-C(18) 119.9(5) 
C(4)-C(5)-C(6) 121.7(4) 
C(1)-C(6)-C(5) 121.8(4) 
C(1)-C(6)-C(7) 122.3(4) 
C(5)-C(6)-C(7) 115.7(4) 
N(7)-C(7)-C(6) 127.7(4) 
C(7)-N(7)-C(8) 115.9(3) 
C(7)-N(7)-Cr 121.4(3) 
C(8)-N(7)-Cr 122.6(3) 
C(9)-C(8)-C(13) 122.9(4) 
C(9)-C(8)-N(7) 119.8(4) 
C(13)-C(8)-N(7) 117.3(3) 
C(10)-C(9)-C(8) 116.2(5) 
C(10)-C(9)-C(22) 123.0(4) 
C(8)-C(9)-C(22) 120.8(4) 
C(11)-C(10)-C(9) 122.3(5) 
C(12)-C(11)-C(10) 120.6(5) 
C(11)-C(12)-C(13) 121.3(5) 
C(12)-C(13)-C(8) 116.7(4) 
C(12)-C(13)-C(25) 120.5(4) 
C(8)-C(13)-C(25) 122.8(4) 
C(2)-C(14)-C(17) 112.6(5) 
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C(2)-C(14)-C(16) 111.6(4) 
C(17)-C(14)-C(16) 107.9(5) 
C(2)-C(14)-C(15) 109.0(4) 
C(17)-C(14)-C(15) 107.0(5) 
C(16)-C(14)-C(15) 108.6(5) 
C(19)-C(18)-C(4) 111.2(5) 
C(19)-C(18)-C(20) 109.1(6) 
C(4)-C(18)-C(20) 108.6(5) 
C(19)-C(18)-C(21) 109.2(6) 
C(4)-C(18)-C(21) 111.4(5) 
C(20)-C(18)-C(21) 107.4(6) 
C(9)-C(22)-C(23) 109.6(5) 
C(9)-C(22)-C(24') 125.9(10) 
C(23)-C(22)-C(24') 78.6(10) 
C(9)-C(22)-C(24) 109.5(7) 
C(23)-C(22)-C(24) 116.7(8) 
C(24')-C(22)-C(24) 38.1(9) 
C(9)-C(22)-C(23') 92(2) 
C(23)-C(22)-C(23') 34.4(17) 
C(24')-C(22)-C(23') 112.7(18) 
C(24)-C(22)-C(23') 150.6(19) 
C(13)-C(25)-C(26) 113.1(5) 
C(13)-C(25)-C(27) 110.6(4) 
C(26)-C(25)-C(27) 109.6(4) 
C(31)-O(31)-Cr 128.2(2) 
O(31)-C(31)-C(36) 121.4(3) 
O(31)-C(31)-C(32) 121.3(3) 
C(36)-C(31)-C(32) 117.2(3) 
C(33)-C(32)-C(31) 118.3(3) 
C(33)-C(32)-C(44) 120.6(4) 
C(31)-C(32)-C(44) 121.2(4) 
C(32)-C(33)-C(34) 125.0(4) 
C(35)-C(34)-C(33) 116.0(4) 
C(35)-C(34)-C(48) 122.9(4) 
C(33)-C(34)-C(48) 121.1(4) 
C(34)-C(35)-C(36) 122.2(4) 
C(35)-C(36)-C(31) 120.8(4) 
C(35)-C(36)-C(37) 115.8(3) 
C(31)-C(36)-C(37) 123.2(4) 
N(37)-C(37)-C(36) 127.3(4) 
C(37)-N(37)-C(38) 116.1(3) 
C(37)-N(37)-Cr 121.2(3) 
C(38)-N(37)-Cr 122.6(3) 
C(39)-C(38)-C(43) 122.4(4) 
C(39)-C(38)-N(37) 119.1(4) 
C(43)-C(38)-N(37) 118.6(4) 
C(38)-C(39)-C(40) 118.4(6) 
C(38)-C(39)-C(52) 122.4(4) 
C(40)-C(39)-C(52) 119.1(5) 
C(41)-C(40)-C(39) 120.6(6) 
C(40)-C(41)-C(42) 120.8(6) 
C(41)-C(42)-C(43) 121.5(7) 
C(38)-C(43)-C(42) 116.4(6) 
C(38)-C(43)-C(55) 123.3(4) 
C(42)-C(43)-C(55) 120.2(5) 
C(46)-C(44)-C(45) 109.3(4) 
C(46)-C(44)-C(47) 110.2(4) 
C(45)-C(44)-C(47) 105.2(4) 
C(46)-C(44)-C(32) 110.4(4) 
C(45)-C(44)-C(32) 112.5(4) 
C(47)-C(44)-C(32) 109.2(4) 
C(49')-C(48)-C(50) 141(2) 
C(49')-C(48)-C(51) 63.8(16) 
C(50)-C(48)-C(51) 108.8(6) 
C(49')-C(48)-C(50') 109.5(13) 
C(50)-C(48)-C(50') 45.5(14) 
C(51)-C(48)-C(50') 133.9(17) 
C(49')-C(48)-C(51') 108.3(13) 
C(50)-C(48)-C(51') 66.3(13) 
C(51)-C(48)-C(51') 46.3(13) 
C(50')-C(48)-C(51') 107.3(12) 
C(49')-C(48)-C(49) 48.1(16) 
C(50)-C(48)-C(49) 108.5(6) 
C(51)-C(48)-C(49) 107.5(6) 
C(50')-C(48)-C(49) 64.9(15) 
C(51')-C(48)-C(49) 138.3(15) 
C(49')-C(48)-C(34) 109(2) 
C(50)-C(48)-C(34) 109.0(5) 
C(51)-C(48)-C(34) 112.7(5) 
C(50')-C(48)-C(34) 112.3(17) 
C(51')-C(48)-C(34) 110.3(15) 
C(49)-C(48)-C(34) 110.2(4) 
C(53)-C(52)-C(39) 110.3(6) 
C(53)-C(52)-C(54) 111.9(6) 
C(39)-C(52)-C(54) 112.6(6) 
C(43)-C(55)-C(57) 111.4(5) 
C(43)-C(55)-C(56) 111.5(6) 
C(57)-C(55)-C(56) 110.2(6) 
O(62)-C(60)-O(61) 115.9(9) 
O(62)-C(60)-C(63) 120.1(11) 
O(61)-C(60)-C(63) 124.1(9) 
C(60)-O(61)-Cr 89.6(5) 
C(60)-O(62)-Cr 90.4(8) 
O(61')-C(61')-C(62') 127.3(16) 
O(61')-C(61')-C(60') 116.6(15) 
C(62')-C(61')-C(60') 116.1(17) 
C(61')-O(61')-Cr 127.1(9) 
C(61')-C(62')-C(63') 123.3(19) 
O(64')-C(63')-C(62') 126.5(16) 
C(63')-O(64')-Cr    126.2(12)
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7.3.6  Crystal structure data for compound 19b 
 
 
 
Empirical formula C48 H83 Cr N2 O4 
Formula weight 804.16 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 Å 
Crystal system, space group Monoclinic, P2(1)/n 
Unit cell dimensions a = 21.05812(9) Å  = 90° 
 b = 22.01735(10) Å  = 97.3497(4)° 
 c = 21.36596(10) Å  = 90° 
Volume, Z 9824.81(8) Å3, 8 
Density (calculated) 1.087 Mg/m3 
Absorption coefficient 2.217 mm-1 
F(000) 3528 
Crystal colour / morphology Brown/green dichroic prisms 
Crystal size 0.21 x 0.20 x 0.11 mm3 
 range for data collection 2.77 to 72.47° 
Index ranges -24<=h<=26, -26<=k<=26, -25<=l<=26 
Reflns collected / unique 47705 / 19091 [R(int) = 0.0215] 
Reflns observed [F>4 (F)] 14812 
Absorption correction Analytical 
Max. and min. transmission 0.793 and 0.688 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 19091 / 64 / 1037 
Goodness-of-fit on F2 1.078 
Final R indices [F>4 (F)] R1 = 0.0408, wR2 = 0.1197 
R indices (all data) R1 = 0.0519, wR2 = 0.1234 
Extinction coefficient 0.00013(2) 
Largest diff. peak, hole 0.438, -0.371 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
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Bond lengths [Å] and angles [°]: 
 
Cr(1A)-O(1A) 1.9198(12) 
Cr(1A)-O(31A) 1.9289(11) 
Cr(1A)-O(62A) 2.0611(12) 
Cr(1A)-O(61A) 2.0882(13) 
Cr(1A)-N(38A) 2.1578(15) 
Cr(1A)-N(8A) 2.1598(16) 
O(1A)-C(1A) 1.352(2) 
C(1A)-C(6A) 1.404(2) 
C(1A)-C(2A) 1.425(2) 
C(2A)-C(3A) 1.389(2) 
C(2A)-C(13A) 1.538(2) 
C(3A)-C(4A) 1.399(3) 
C(4A)-C(5A) 1.388(3) 
C(4A)-C(17A) 1.537(3) 
C(5A)-C(6A) 1.394(2) 
C(6A)-C(7A) 1.511(2) 
C(7A)-N(8A) 1.515(2) 
C(7A)-C(21A) 1.547(2) 
N(8A)-C(9A) 1.534(2) 
C(9A)-C(11A) 1.524(3) 
C(9A)-C(12A) 1.527(3) 
C(9A)-C(10A) 1.531(3) 
C(13A)-C(14A) 1.529(3) 
C(13A)-C(15A) 1.535(2) 
C(13A)-C(16A) 1.539(3) 
C(17A)-C(20A) 1.507(3) 
C(17A)-C(19A) 1.523(3) 
C(17A)-C(18A) 1.544(4) 
C(21A)-C(22A) 1.518(3) 
C(22A)-C(23A) 1.533(3) 
C(23A)-C(24A) 1.507(3) 
O(31A)-C(31A) 1.3507(19) 
C(31A)-C(36A) 1.409(2) 
C(31A)-C(32A) 1.417(2) 
C(32A)-C(33A) 1.400(2) 
C(32A)-C(43A) 1.536(2) 
C(33A)-C(34A) 1.389(2) 
C(34A)-C(35A) 1.395(3) 
C(34A)-C(47A) 1.535(3) 
C(35A)-C(36A) 1.383(2) 
C(36A)-C(37A) 1.501(2) 
C(37A)-N(38A) 1.519(2) 
C(37A)-C(51A) 1.538(3) 
N(38A)-C(39A) 1.528(2) 
C(39A)-C(41A) 1.526(3) 
C(39A)-C(40A) 1.528(3) 
C(39A)-C(42A) 1.528(3) 
C(43A)-C(45A) 1.530(2) 
C(43A)-C(46A) 1.531(2) 
C(43A)-C(44A) 1.540(3) 
C(47A)-C(48A) 1.529(3) 
C(47A)-C(50A) 1.531(3) 
C(47A)-C(49A) 1.533(3) 
C(51A)-C(52A) 1.527(3) 
C(52A)-C(53A) 1.441(4) 
C(53A)-C(54A) 1.511(4) 
C(60A)-O(62A) 1.264(2) 
C(60A)-O(61A) 1.267(2) 
C(60A)-C(63A) 1.495(3) 
Cr(1B)-O(1B) 1.9193(12) 
Cr(1B)-O(31B) 1.9367(12) 
Cr(1B)-O(62B) 2.0529(13) 
Cr(1B)-O(61B) 2.0843(13) 
Cr(1B)-N(8B) 2.1447(14) 
Cr(1B)-N(38B) 2.1603(15) 
O(1B)-C(1B) 1.353(2) 
C(1B)-C(6B) 1.408(2) 
C(1B)-C(2B) 1.421(2) 
C(2B)-C(3B) 1.394(2) 
C(2B)-C(13B) 1.536(2) 
C(3B)-C(4B) 1.398(2) 
C(4B)-C(5B) 1.382(3) 
C(4B)-C(17B) 1.529(3) 
C(5B)-C(6B) 1.393(2) 
C(6B)-C(7B) 1.508(2) 
C(7B)-N(8B) 1.513(2) 
C(7B)-C(21B) 1.539(2) 
N(8B)-C(9B) 1.532(2) 
C(9B)-C(12B) 1.522(3) 
C(9B)-C(11B) 1.524(3) 
C(9B)-C(10B) 1.535(3) 
C(13B)-C(14B) 1.531(3) 
C(13B)-C(16B) 1.537(3) 
C(13B)-C(15B) 1.538(3) 
C(17B)-C(18B) 1.422(4) 
C(17B)-C(19") 1.437(6) 
C(17B)-C(20B) 1.549(4) 
C(17B)-C(18") 1.579(6) 
C(17B)-C(20") 1.606(5) 
C(17B)-C(19B) 1.609(5) 
C(21B)-C(22B) 1.517(3) 
C(22B)-C(23B) 1.521(3) 
C(22B)-C(23") 1.527(9) 
C(23B)-C(24B) 1.508(3) 
C(23")-C(24") 1.511(11) 
O(31B)-C(31B) 1.3500(19) 
C(31B)-C(36B) 1.401(2) 
C(31B)-C(32B) 1.420(2) 
C(32B)-C(33B) 1.403(2) 
C(32B)-C(43B) 1.541(2) 
C(33B)-C(34B) 1.393(2) 
C(34B)-C(35B) 1.388(3) 
C(34B)-C(47B) 1.534(2) 
C(35B)-C(36B) 1.390(2) 
C(36B)-C(37B) 1.506(2) 
C(37B)-N(38B) 1.516(2) 
C(37B)-C(51B) 1.536(3) 
N(38B)-C(39B) 1.518(2) 
C(39B)-C(40B) 1.524(3) 
C(39B)-C(41B) 1.531(3) 
C(39B)-C(42B) 1.531(3) 
C(43B)-C(44B) 1.531(2) 
C(43B)-C(46B) 1.534(2) 
C(43B)-C(45B) 1.540(2) 
C(47B)-C(48B) 1.524(3) 
C(47B)-C(49B) 1.535(3) 
C(47B)-C(50B) 1.541(3) 
C(51B)-C(52B) 1.515(3) 
C(52B)-C(53B) 1.501(3) 
C(53B)-C(54") 1.352(7) 
C(53B)-C(54B) 1.445(5) 
C(60B)-O(62B) 1.262(2) 
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C(60B)-O(61B) 1.263(2) 
C(60B)-C(63B) 1.498(3) 
 
O(1A)-Cr(1A)-O(31A) 94.91(5) 
O(1A)-Cr(1A)-O(62A) 99.63(5) 
O(31A)-Cr(1A)-O(62A) 165.17(5) 
O(1A)-Cr(1A)-O(61A) 162.04(5) 
O(31A)-Cr(1A)-O(61A) 102.73(5) 
O(62A)-Cr(1A)-O(61A) 62.99(5) 
O(1A)-Cr(1A)-N(38A) 85.10(5) 
O(31A)-Cr(1A)-N(38A) 88.67(5) 
O(62A)-Cr(1A)-N(38A) 95.47(5) 
O(61A)-Cr(1A)-N(38A) 91.83(6) 
O(1A)-Cr(1A)-N(8A) 89.49(5) 
O(31A)-Cr(1A)-N(8A) 84.04(5) 
O(62A)-Cr(1A)-N(8A) 93.10(5) 
O(61A)-Cr(1A)-N(8A) 95.67(6) 
N(38A)-Cr(1A)-N(8A) 170.52(6) 
C(1A)-O(1A)-Cr(1A) 130.20(10) 
O(1A)-C(1A)-C(6A) 119.92(15) 
O(1A)-C(1A)-C(2A) 121.53(15) 
C(6A)-C(1A)-C(2A) 118.55(15) 
C(3A)-C(2A)-C(1A) 117.63(16) 
C(3A)-C(2A)-C(13A) 119.75(16) 
C(1A)-C(2A)-C(13A) 122.61(15) 
C(2A)-C(3A)-C(4A) 124.61(17) 
C(5A)-C(4A)-C(3A) 116.33(17) 
C(5A)-C(4A)-C(17A) 123.59(18) 
C(3A)-C(4A)-C(17A) 120.08(18) 
C(4A)-C(5A)-C(6A) 121.69(17) 
C(5A)-C(6A)-C(1A) 121.00(17) 
C(5A)-C(6A)-C(7A) 118.39(16) 
C(1A)-C(6A)-C(7A) 120.60(16) 
C(6A)-C(7A)-N(8A) 110.16(13) 
C(6A)-C(7A)-C(21A) 112.07(14) 
N(8A)-C(7A)-C(21A) 113.65(15) 
C(7A)-N(8A)-C(9A) 113.37(14) 
C(7A)-N(8A)-Cr(1A) 110.59(10) 
C(9A)-N(8A)-Cr(1A) 129.13(13) 
C(11A)-C(9A)-C(12A) 109.7(2) 
C(11A)-C(9A)-C(10A) 110.5(2) 
C(12A)-C(9A)-C(10A) 107.47(18) 
C(11A)-C(9A)-N(8A) 110.98(16) 
C(12A)-C(9A)-N(8A) 108.56(16) 
C(10A)-C(9A)-N(8A) 109.59(18) 
C(14A)-C(13A)-C(15A) 110.27(16) 
C(14A)-C(13A)-C(2A) 109.53(15) 
C(15A)-C(13A)-C(2A) 110.30(14) 
C(14A)-C(13A)-C(16A) 106.59(15) 
C(15A)-C(13A)-C(16A) 107.16(15) 
C(2A)-C(13A)-C(16A) 112.91(15) 
C(20A)-C(17A)-C(19A) 110.0(2) 
C(20A)-C(17A)-C(4A) 112.7(2) 
C(19A)-C(17A)-C(4A) 109.30(17) 
C(20A)-C(17A)-C(18A) 107.7(2) 
C(19A)-C(17A)-C(18A) 107.5(2) 
C(4A)-C(17A)-C(18A) 109.44(19) 
C(22A)-C(21A)-C(7A) 111.00(16) 
C(21A)-C(22A)-C(23A) 112.07(18) 
C(24A)-C(23A)-C(22A) 112.5(2) 
C(31A)-O(31A)-Cr(1A) 130.54(10) 
O(31A)-C(31A)-C(36A) 119.76(15) 
O(31A)-C(31A)-C(32A) 121.85(15) 
C(36A)-C(31A)-C(32A) 118.37(15) 
C(33A)-C(32A)-C(31A) 117.90(16) 
C(33A)-C(32A)-C(43A) 120.75(15) 
C(31A)-C(32A)-C(43A) 121.33(15) 
C(34A)-C(33A)-C(32A) 124.29(17) 
C(33A)-C(34A)-C(35A) 116.18(16) 
C(33A)-C(34A)-C(47A) 123.61(17) 
C(35A)-C(34A)-C(47A) 120.17(17) 
C(36A)-C(35A)-C(34A) 122.07(17) 
C(35A)-C(36A)-C(31A) 120.89(16) 
C(35A)-C(36A)-C(37A) 119.94(16) 
C(31A)-C(36A)-C(37A) 119.05(15) 
C(36A)-C(37A)-N(38A) 109.20(13) 
C(36A)-C(37A)-C(51A) 110.07(14) 
N(38A)-C(37A)-C(51A) 115.58(15) 
C(37A)-N(38A)-C(39A) 114.18(13) 
C(37A)-N(38A)-Cr(1A) 110.24(10) 
C(39A)-N(38A)-Cr(1A) 128.59(11) 
C(41A)-C(39A)-N(38A) 110.28(15) 
C(41A)-C(39A)-C(40A) 109.83(17) 
N(38A)-C(39A)-C(40A) 110.47(15) 
C(41A)-C(39A)-C(42A) 109.95(16) 
N(38A)-C(39A)-C(42A) 108.85(15) 
C(40A)-C(39A)-C(42A) 107.41(16) 
C(45A)-C(43A)-C(46A) 107.66(15) 
C(45A)-C(43A)-C(32A) 110.22(14) 
C(46A)-C(43A)-C(32A) 112.48(14) 
C(45A)-C(43A)-C(44A) 111.34(16) 
C(46A)-C(43A)-C(44A) 106.49(14) 
C(32A)-C(43A)-C(44A) 108.62(15) 
C(48A)-C(47A)-C(50A) 108.0(2) 
C(48A)-C(47A)-C(49A) 108.7(2) 
C(50A)-C(47A)-C(49A) 108.60(19) 
C(48A)-C(47A)-C(34A) 112.46(17) 
C(50A)-C(47A)-C(34A) 109.70(17) 
C(49A)-C(47A)-C(34A) 109.38(17) 
C(52A)-C(51A)-C(37A) 111.18(17) 
C(53A)-C(52A)-C(51A) 116.8(2) 
C(52A)-C(53A)-C(54A) 114.9(3) 
O(62A)-C(60A)-O(61A) 117.91(17) 
O(62A)-C(60A)-C(63A) 120.60(18) 
O(61A)-C(60A)-C(63A) 121.47(19) 
C(60A)-O(61A)-Cr(1A) 88.90(11) 
C(60A)-O(62A)-Cr(1A) 90.20(11) 
O(1B)-Cr(1B)-O(31B) 94.74(5) 
O(1B)-Cr(1B)-O(62B) 98.73(6) 
O(31B)-Cr(1B)-O(62B) 165.92(6) 
O(1B)-Cr(1B)-O(61B) 161.22(5) 
O(31B)-Cr(1B)-O(61B) 103.78(5) 
O(62B)-Cr(1B)-O(61B) 63.08(5) 
O(1B)-Cr(1B)-N(8B) 90.08(5) 
O(31B)-Cr(1B)-N(8B) 83.00(5) 
O(62B)-Cr(1B)-N(8B) 92.86(5) 
O(61B)-Cr(1B)-N(8B) 95.22(5) 
O(1B)-Cr(1B)-N(38B) 86.39(6) 
O(31B)-Cr(1B)-N(38B) 88.84(5) 
O(62B)-Cr(1B)-N(38B) 96.06(6) 
O(61B)-Cr(1B)-N(38B) 90.80(6) 
N(8B)-Cr(1B)-N(38B) 170.81(6) 
C(1B)-O(1B)-Cr(1B) 130.68(10) 
O(1B)-C(1B)-C(6B) 119.70(15) 
O(1B)-C(1B)-C(2B) 121.68(15) 
C(6B)-C(1B)-C(2B) 118.60(15) 
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C(3B)-C(2B)-C(1B) 117.94(15) 
C(3B)-C(2B)-C(13B) 119.91(16) 
C(1B)-C(2B)-C(13B) 122.12(16) 
C(2B)-C(3B)-C(4B) 124.15(17) 
C(5B)-C(4B)-C(3B) 116.31(17) 
C(5B)-C(4B)-C(17B) 121.85(17) 
C(3B)-C(4B)-C(17B) 121.78(17) 
C(4B)-C(5B)-C(6B) 122.41(16) 
C(5B)-C(6B)-C(1B) 120.36(16) 
C(5B)-C(6B)-C(7B) 118.68(15) 
C(1B)-C(6B)-C(7B) 120.83(15) 
C(6B)-C(7B)-N(8B) 110.50(13) 
C(6B)-C(7B)-C(21B) 110.44(15) 
N(8B)-C(7B)-C(21B) 115.07(14) 
C(7B)-N(8B)-C(9B) 114.04(13) 
C(7B)-N(8B)-Cr(1B) 110.91(10) 
C(9B)-N(8B)-Cr(1B) 128.00(11) 
C(12B)-C(9B)-C(11B) 109.77(17) 
C(12B)-C(9B)-N(8B) 109.28(14) 
C(11B)-C(9B)-N(8B) 111.11(15) 
C(12B)-C(9B)-C(10B) 107.24(16) 
C(11B)-C(9B)-C(10B) 109.89(17) 
N(8B)-C(9B)-C(10B) 109.47(15) 
C(14B)-C(13B)-C(2B) 109.40(16) 
C(14B)-C(13B)-C(16B) 107.24(18) 
C(2B)-C(13B)-C(16B) 112.71(16) 
C(14B)-C(13B)-C(15B) 110.94(17) 
C(2B)-C(13B)-C(15B) 109.84(15) 
C(16B)-C(13B)-C(15B) 106.67(17) 
C(18B)-C(17B)-C(4B) 116.1(2) 
C(19")-C(17B)-C(4B) 117.2(3) 
C(18B)-C(17B)-C(20B) 113.5(3) 
C(4B)-C(17B)-C(20B) 108.2(2) 
C(19")-C(17B)-C(18") 110.9(4) 
C(4B)-C(17B)-C(18") 109.3(3) 
C(19")-C(17B)-C(20") 109.1(4) 
C(4B)-C(17B)-C(20") 106.4(3) 
C(18")-C(17B)-C(20") 102.8(3) 
C(18B)-C(17B)-C(19B) 110.1(4) 
C(4B)-C(17B)-C(19B) 106.2(2) 
C(20B)-C(17B)-C(19B) 101.6(3) 
C(22B)-C(21B)-C(7B) 111.05(16) 
C(21B)-C(22B)-C(23B) 113.91(18) 
C(21B)-C(22B)-C(23") 111.0(4) 
C(24B)-C(23B)-C(22B) 113.7(2) 
C(24")-C(23")-C(22B) 110.7(9) 
C(31B)-O(31B)-Cr(1B) 129.47(10) 
O(31B)-C(31B)-C(36B) 119.65(15) 
O(31B)-C(31B)-C(32B) 121.80(14) 
C(36B)-C(31B)-C(32B) 118.53(15) 
C(33B)-C(32B)-C(31B) 117.41(15) 
C(33B)-C(32B)-C(43B) 120.34(15) 
C(31B)-C(32B)-C(43B) 122.24(15) 
C(34B)-C(33B)-C(32B) 124.33(16) 
C(35B)-C(34B)-C(33B) 116.24(16) 
C(35B)-C(34B)-C(47B) 119.70(16) 
C(33B)-C(34B)-C(47B) 124.06(17) 
C(34B)-C(35B)-C(36B) 121.87(16) 
C(35B)-C(36B)-C(31B) 121.00(16) 
C(35B)-C(36B)-C(37B) 119.25(15) 
C(31B)-C(36B)-C(37B) 119.75(15) 
C(36B)-C(37B)-N(38B) 108.71(14) 
C(36B)-C(37B)-C(51B) 111.81(15) 
N(38B)-C(37B)-C(51B) 115.13(15) 
C(37B)-N(38B)-C(39B) 113.26(14) 
C(37B)-N(38B)-Cr(1B) 109.89(10) 
C(39B)-N(38B)-Cr(1B) 130.68(12) 
N(38B)-C(39B)-C(40B) 109.89(17) 
N(38B)-C(39B)-C(41B) 109.85(17) 
C(40B)-C(39B)-C(41B) 110.22(18) 
N(38B)-C(39B)-C(42B) 109.34(15) 
C(40B)-C(39B)-C(42B) 107.60(18) 
C(41B)-C(39B)-C(42B) 109.91(19) 
C(44B)-C(43B)-C(46B) 106.68(14) 
C(44B)-C(43B)-C(45B) 109.65(15) 
C(46B)-C(43B)-C(45B) 107.71(14) 
C(44B)-C(43B)-C(32B) 109.87(14) 
C(46B)-C(43B)-C(32B) 112.61(14) 
C(45B)-C(43B)-C(32B) 110.23(14) 
C(48B)-C(47B)-C(34B) 112.25(16) 
C(48B)-C(47B)-C(49B) 108.12(18) 
C(34B)-C(47B)-C(49B) 109.45(17) 
C(48B)-C(47B)-C(50B) 108.52(18) 
C(34B)-C(47B)-C(50B) 109.73(16) 
C(49B)-C(47B)-C(50B) 108.69(18) 
C(52B)-C(51B)-C(37B) 111.64(17) 
C(53B)-C(52B)-C(51B) 114.4(2) 
C(54")-C(53B)-C(52B) 124.3(4) 
C(54B)-C(53B)-C(52B) 120.4(3) 
O(62B)-C(60B)-O(61B) 117.99(17) 
O(62B)-C(60B)-C(63B) 120.31(19) 
O(61B)-C(60B)-C(63B) 121.69(19) 
C(60B)-O(61B)-Cr(1B)  88.73(12) 
C(60B)-O(62B)-Cr(1B)  90.20(11)
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7.4  Crystal structure data for Chapter 5 
7.4.1  Crystal structure data for compound 20 (two independent molecules) 
 
 
 
Empirical formula C54 H76 Fe N2 O2 . 1.25C5H12 
 [solvent removed using SQUEEZE] 
Formula weight 931.20 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 14.4646(5) Å  = 87.783(2)° 
 b = 15.2249(3) Å  = 86.438(2)° 
 c = 28.7200(8) Å  = 76.239(2)° 
Volume, Z 6129.5(3) Å3, 4 
Density (calculated) 1.009 Mg/m3 
Absorption coefficient 0.283 mm-1 
F(000) 2034 
Crystal colour / morphology Red blocks 
Crystal size 0.15 x 0.14 x 0.07 mm3 
 range for data collection 3.69 to 32.49° 
Index ranges -19<=h<=21, -22<=k<=21, -42<=l<=42 
Reflns collected / unique 92819 / 39648 [R(int) = 0.0934] 
Reflns observed [F>4 (F)] 12502 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.00000 and 0.89139 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 39648 / 383 / 1111 
Goodness-of-fit on F2 0.788 
Final R indices [F>4 (F)] R1 = 0.0625, wR2 = 0.1506 
R indices (all data) R1 = 0.1791, wR2 = 0.1739 
Largest diff. peak, hole 0.453, -0.278 eÅ-3 
Mean and maximum shift/error 0.000 and 0.002 
 
Bond lengths [Å] and angles [°]: 
 
Fe-O(31) 1.9024(18) 
Fe-O(1) 1.9134(16) 
Fe-N(7) 2.0153(19) 
Fe-N(37) 2.033(2) 
O(1)-C(1) 1.310(3) 
C(1)-C(6) 1.413(3) 
C(1)-C(2) 1.435(3) 
C(2)-C(3) 1.371(3) 
C(2)-C(8) 1.532(3) 
C(3)-C(4) 1.398(3) 
C(4)-C(5) 1.359(3) 
C(4)-C(12) 1.532(4) 
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C(5)-C(6) 1.405(3) 
C(6)-C(7) 1.430(3) 
C(7)-N(7) 1.312(3) 
N(7)-C(16) 1.452(3) 
C(8)-C(9) 1.532(4) 
C(8)-C(11) 1.535(4) 
C(8)-C(10) 1.544(4) 
C(12)-C(13) 1.495(5) 
C(12)-C(15A) 1.509(12) 
C(12)-C(14) 1.521(4) 
C(12)-C(14A) 1.568(13) 
C(12)-C(15) 1.599(5) 
C(12)-C(13A) 1.681(12) 
C(16)-C(21) 1.399(4) 
C(16)-C(17) 1.412(4) 
C(17)-C(18) 1.393(3) 
C(17)-C(22) 1.517(4) 
C(18)-C(19) 1.388(4) 
C(19)-C(20) 1.362(4) 
C(20)-C(21) 1.395(4) 
C(21)-C(25) 1.514(4) 
C(22)-C(24) 1.530(4) 
C(22)-C(23) 1.536(4) 
C(25)-C(27) 1.479(6) 
C(25)-C(27A) 1.515(9) 
C(25)-C(26A) 1.522(12) 
C(25)-C(26) 1.534(6) 
O(31)-C(31) 1.301(3) 
C(31)-C(32) 1.412(4) 
C(31)-C(36) 1.433(4) 
C(32)-C(33) 1.385(4) 
C(32)-C(38) 1.553(4) 
C(33)-C(34) 1.408(4) 
C(34)-C(35) 1.368(4) 
C(34)-C(42) 1.533(4) 
C(35)-C(36) 1.414(4) 
C(36)-C(37) 1.422(4) 
C(37)-N(37) 1.305(3) 
N(37)-C(46) 1.432(3) 
C(38)-C(39) 1.529(5) 
C(38)-C(40) 1.544(5) 
C(38)-C(41) 1.552(5) 
C(42)-C(45A) 1.411(11) 
C(42)-C(44) 1.482(5) 
C(42)-C(43) 1.525(5) 
C(42)-C(43A) 1.535(13) 
C(42)-C(45) 1.588(7) 
C(42)-C(44A) 1.656(11) 
C(46)-C(51) 1.403(4) 
C(46)-C(47) 1.412(3) 
C(47)-C(48) 1.397(4) 
C(47)-C(52) 1.521(4) 
C(48)-C(49) 1.375(4) 
C(49)-C(50) 1.376(4) 
C(50)-C(51) 1.395(4) 
C(51)-C(55) 1.521(4) 
C(52)-C(53) 1.534(4) 
C(52)-C(54) 1.536(4) 
C(55)-C(56) 1.513(4) 
C(55)-C(57) 1.538(4) 
Fe'-O(1') 1.9153(19) 
Fe'-O(31') 1.9191(17) 
Fe'-N(37') 2.047(2) 
Fe'-N(7') 2.058(2) 
O(1')-C(1') 1.323(3) 
C(1')-C(6') 1.415(3) 
C(1')-C(2') 1.421(4) 
C(2')-C(3') 1.364(4) 
C(2')-C(8') 1.549(4) 
C(3')-C(4') 1.411(4) 
C(4')-C(5') 1.358(4) 
C(4')-C(12') 1.524(4) 
C(5')-C(6') 1.414(4) 
C(6')-C(7') 1.426(4) 
C(7')-N(7') 1.298(3) 
N(7')-C(16') 1.467(3) 
C(8')-C(9') 1.529(4) 
C(8')-C(11') 1.529(4) 
C(8')-C(10') 1.535(4) 
C(12')-C(14') 1.523(5) 
C(12')-C(15') 1.526(4) 
C(12')-C(13') 1.554(5) 
C(16')-C(21') 1.391(4) 
C(16')-C(17') 1.394(4) 
C(17')-C(18') 1.398(4) 
C(17')-C(22') 1.515(4) 
C(18')-C(19') 1.370(5) 
C(19')-C(20') 1.368(4) 
C(20')-C(21') 1.397(4) 
C(21')-C(25') 1.512(4) 
C(22')-C(23') 1.526(5) 
C(22')-C(24') 1.531(5) 
C(25')-C(27') 1.508(4) 
C(25')-C(26') 1.522(5) 
O(31')-C(31') 1.315(3) 
C(31')-C(36') 1.401(4) 
C(31')-C(32') 1.435(4) 
C(32')-C(33') 1.397(4) 
C(32')-C(38') 1.535(4) 
C(33')-C(34') 1.400(4) 
C(34')-C(35') 1.355(4) 
C(34')-C(42') 1.532(4) 
C(35')-C(36') 1.425(4) 
C(36')-C(37') 1.415(4) 
C(37')-N(37') 1.311(3) 
N(37')-C(46') 1.431(3) 
C(38')-C(40') 1.526(4) 
C(38')-C(39') 1.534(4) 
C(38')-C(41') 1.548(4) 
C(42')-C(43B) 1.497(13) 
C(42')-C(44') 1.523(4) 
C(42')-C(45B) 1.537(14) 
C(42')-C(43') 1.543(5) 
C(42')-C(45') 1.547(5) 
C(42')-C(44B) 1.548(13) 
C(46')-C(51') 1.398(4) 
C(46')-C(47') 1.402(4) 
C(47')-C(48') 1.403(5) 
C(47')-C(52') 1.520(5) 
C(48')-C(49') 1.370(5) 
C(49')-C(50') 1.367(5) 
C(50')-C(51') 1.412(4) 
C(51')-C(55') 1.508(5) 
C(52')-C(54') 1.513(5) 
C(52')-C(53') 1.576(6) 
C(55')-C(56') 1.521(4) 
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C(55')-C(57') 1.528(4) 
 
O(31)-Fe-O(1) 109.15(8) 
O(31)-Fe-N(7) 122.75(8) 
O(1)-Fe-N(7) 92.22(7) 
O(31)-Fe-N(37) 91.24(8) 
O(1)-Fe-N(37) 119.74(8) 
N(7)-Fe-N(37) 123.44(8) 
C(1)-O(1)-Fe 131.05(15) 
O(1)-C(1)-C(6) 121.1(2) 
O(1)-C(1)-C(2) 120.4(2) 
C(6)-C(1)-C(2) 118.5(2) 
C(3)-C(2)-C(1) 117.1(2) 
C(3)-C(2)-C(8) 122.5(2) 
C(1)-C(2)-C(8) 120.3(2) 
C(2)-C(3)-C(4) 125.4(2) 
C(5)-C(4)-C(3) 116.6(2) 
C(5)-C(4)-C(12) 122.9(2) 
C(3)-C(4)-C(12) 120.6(2) 
C(4)-C(5)-C(6) 122.3(2) 
C(5)-C(6)-C(1) 120.0(2) 
C(5)-C(6)-C(7) 115.7(2) 
C(1)-C(6)-C(7) 124.2(2) 
N(7)-C(7)-C(6) 128.7(2) 
C(7)-N(7)-C(16) 112.83(19) 
C(7)-N(7)-Fe 121.34(16) 
C(16)-N(7)-Fe 125.76(14) 
C(9)-C(8)-C(2) 111.3(2) 
C(9)-C(8)-C(11) 105.4(2) 
C(2)-C(8)-C(11) 112.2(2) 
C(9)-C(8)-C(10) 110.2(2) 
C(2)-C(8)-C(10) 109.3(2) 
C(11)-C(8)-C(10) 108.3(3) 
C(13)-C(12)-C(14) 111.0(3) 
C(13)-C(12)-C(15) 106.7(3) 
C(14)-C(12)-C(15) 107.6(3) 
C(15A)-C(12)-C(14A) 107.4(11) 
C(15A)-C(12)-C(13A) 101.8(9) 
C(14A)-C(12)-C(13A) 100.7(10) 
C(13)-C(12)-C(4) 112.4(3) 
C(15A)-C(12)-C(4) 123.6(10) 
C(14)-C(12)-C(4) 111.5(3) 
C(4)-C(12)-C(14A) 119.5(13) 
C(4)-C(12)-C(15) 107.4(3) 
C(4)-C(12)-C(13A) 98.6(8) 
C(21)-C(16)-C(17) 122.0(2) 
C(21)-C(16)-N(7) 120.2(2) 
C(17)-C(16)-N(7) 117.8(2) 
C(18)-C(17)-C(16) 117.6(3) 
C(18)-C(17)-C(22) 119.8(3) 
C(16)-C(17)-C(22) 122.6(2) 
C(19)-C(18)-C(17) 120.8(3) 
C(20)-C(19)-C(18) 120.2(3) 
C(19)-C(20)-C(21) 121.9(3) 
C(20)-C(21)-C(16) 117.3(3) 
C(20)-C(21)-C(25) 120.3(3) 
C(16)-C(21)-C(25) 122.4(2) 
C(17)-C(22)-C(24) 112.0(2) 
C(17)-C(22)-C(23) 112.0(2) 
C(24)-C(22)-C(23) 109.6(2) 
C(27)-C(25)-C(21) 114.1(4) 
C(21)-C(25)-C(27A) 110.7(5) 
C(21)-C(25)-C(26A) 112.5(9) 
C(27A)-C(25)-C(26A) 111.0(8) 
C(27)-C(25)-C(26) 113.5(5) 
C(21)-C(25)-C(26) 109.8(3) 
C(31)-O(31)-Fe 130.81(18) 
O(31)-C(31)-C(32) 121.5(3) 
O(31)-C(31)-C(36) 120.5(2) 
C(32)-C(31)-C(36) 118.0(2) 
C(33)-C(32)-C(31) 119.2(3) 
C(33)-C(32)-C(38) 121.5(3) 
C(31)-C(32)-C(38) 119.3(3) 
C(32)-C(33)-C(34) 124.0(3) 
C(35)-C(34)-C(33) 116.5(3) 
C(35)-C(34)-C(42) 121.4(3) 
C(33)-C(34)-C(42) 122.0(3) 
C(34)-C(35)-C(36) 122.7(3) 
C(35)-C(36)-C(37) 116.9(3) 
C(35)-C(36)-C(31) 119.5(3) 
C(37)-C(36)-C(31) 123.5(2) 
N(37)-C(37)-C(36) 128.9(2) 
C(37)-N(37)-C(46) 115.5(2) 
C(37)-N(37)-Fe 121.10(19) 
C(46)-N(37)-Fe 123.44(15) 
C(39)-C(38)-C(40) 109.6(3) 
C(39)-C(38)-C(41) 108.1(3) 
C(40)-C(38)-C(41) 108.0(3) 
C(39)-C(38)-C(32) 111.2(3) 
C(40)-C(38)-C(32) 109.2(3) 
C(41)-C(38)-C(32) 110.8(3) 
C(44)-C(42)-C(34) 114.2(3) 
C(45A)-C(42)-C(34) 114.7(9) 
C(43)-C(42)-C(34) 109.0(4) 
C(34)-C(42)-C(43A) 111.5(15) 
C(34)-C(42)-C(45) 109.3(3) 
C(34)-C(42)-C(44A) 104.1(8) 
C(44)-C(42)-C(45) 107.2(3) 
C(43)-C(42)-C(45) 106.9(4) 
C(44)-C(42)-C(43) 110.0(4) 
C(45A)-C(42)-C(43A) 115.6(11) 
C(43A)-C(42)-C(44A) 101.7(10) 
C(45A)-C(42)-C(44A) 107.6(8) 
C(51)-C(46)-C(47) 120.7(3) 
C(51)-C(46)-N(37) 120.1(2) 
C(47)-C(46)-N(37) 119.2(2) 
C(48)-C(47)-C(46) 118.6(3) 
C(48)-C(47)-C(52) 119.2(2) 
C(46)-C(47)-C(52) 122.1(3) 
C(49)-C(48)-C(47) 120.7(3) 
C(48)-C(49)-C(50) 120.3(3) 
C(49)-C(50)-C(51) 121.4(3) 
C(50)-C(51)-C(46) 118.2(3) 
C(50)-C(51)-C(55) 120.1(3) 
C(46)-C(51)-C(55) 121.7(3) 
C(47)-C(52)-C(53) 111.0(2) 
C(47)-C(52)-C(54) 110.8(2) 
C(53)-C(52)-C(54) 109.7(2) 
C(56)-C(55)-C(51) 111.3(2) 
C(56)-C(55)-C(57) 111.7(3) 
C(51)-C(55)-C(57) 110.5(3) 
O(1')-Fe'-O(31') 109.17(8) 
O(1')-Fe'-N(37') 124.67(8) 
O(31')-Fe'-N(37') 90.44(8) 
O(1')-Fe'-N(7') 90.40(8) 
O(31')-Fe'-N(7') 127.54(8) 
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N(37')-Fe'-N(7') 118.00(9) 
C(1')-O(1')-Fe' 131.75(16) 
O(1')-C(1')-C(6') 119.9(2) 
O(1')-C(1')-C(2') 122.1(2) 
C(6')-C(1')-C(2') 118.0(3) 
C(3')-C(2')-C(1') 118.4(2) 
C(3')-C(2')-C(8') 121.5(3) 
C(1')-C(2')-C(8') 120.1(2) 
C(2')-C(3')-C(4') 125.3(3) 
C(5')-C(4')-C(3') 115.7(3) 
C(5')-C(4')-C(12') 123.6(2) 
C(3')-C(4')-C(12') 120.6(3) 
C(4')-C(5')-C(6') 122.6(3) 
C(5')-C(6')-C(1') 120.0(3) 
C(5')-C(6')-C(7') 116.3(2) 
C(1')-C(6')-C(7') 123.6(3) 
N(7')-C(7')-C(6') 130.4(2) 
C(7')-N(7')-C(16') 113.2(2) 
C(7')-N(7')-Fe' 120.29(18) 
C(16')-N(7')-Fe' 126.08(18) 
C(9')-C(8')-C(11') 108.1(3) 
C(9')-C(8')-C(10') 110.9(2) 
C(11')-C(8')-C(10') 107.2(3) 
C(9')-C(8')-C(2') 108.8(2) 
C(11')-C(8')-C(2') 112.0(2) 
C(10')-C(8')-C(2') 109.8(2) 
C(14')-C(12')-C(4') 111.7(3) 
C(14')-C(12')-C(15') 109.2(3) 
C(4')-C(12')-C(15') 112.1(3) 
C(14')-C(12')-C(13') 107.9(3) 
C(4')-C(12')-C(13') 108.5(3) 
C(15')-C(12')-C(13') 107.1(3) 
C(21')-C(16')-C(17') 122.9(3) 
C(21')-C(16')-N(7') 118.4(3) 
C(17')-C(16')-N(7') 118.6(2) 
C(16')-C(17')-C(18') 116.6(3) 
C(16')-C(17')-C(22') 123.4(3) 
C(18')-C(17')-C(22') 120.0(3) 
C(19')-C(18')-C(17') 121.2(3) 
C(20')-C(19')-C(18') 121.2(3) 
C(19')-C(20')-C(21') 120.1(3) 
C(16')-C(21')-C(20') 117.9(3) 
C(16')-C(21')-C(25') 122.6(3) 
C(20')-C(21')-C(25') 119.3(3) 
C(17')-C(22')-C(23') 113.7(3) 
C(17')-C(22')-C(24') 113.6(3) 
C(23')-C(22')-C(24') 107.0(3) 
C(27')-C(25')-C(21') 113.5(3) 
C(27')-C(25')-C(26') 108.7(3) 
C(21')-C(25')-C(26') 111.2(3) 
C(31')-O(31')-Fe' 131.34(17) 
O(31')-C(31')-C(36') 121.3(2) 
O(31')-C(31')-C(32') 120.4(3) 
C(36')-C(31')-C(32') 118.4(2) 
C(33')-C(32')-C(31') 117.3(3) 
C(33')-C(32')-C(38') 122.0(3) 
C(31')-C(32')-C(38') 120.7(2) 
C(32')-C(33')-C(34') 125.4(3) 
C(35')-C(34')-C(33') 115.9(3) 
C(35')-C(34')-C(42') 124.2(3) 
C(33')-C(34')-C(42') 119.9(3) 
C(34')-C(35')-C(36') 122.9(3) 
C(31')-C(36')-C(37') 123.6(2) 
C(31')-C(36')-C(35') 120.2(2) 
C(37')-C(36')-C(35') 116.2(3) 
N(37')-C(37')-C(36') 129.7(3) 
C(37')-N(37')-C(46') 114.9(2) 
C(37')-N(37')-Fe' 121.14(19) 
C(46')-N(37')-Fe' 123.95(18) 
C(40')-C(38')-C(39') 110.4(3) 
C(40')-C(38')-C(32') 109.8(2) 
C(39')-C(38')-C(32') 110.1(2) 
C(40')-C(38')-C(41') 107.3(3) 
C(39')-C(38')-C(41') 107.4(3) 
C(32')-C(38')-C(41') 111.8(2) 
C(43B)-C(42')-C(34') 112.9(14) 
C(44')-C(42')-C(34') 109.6(3) 
C(34')-C(42')-C(45B) 101.0(14) 
C(34')-C(42')-C(43') 109.4(3) 
C(34')-C(42')-C(45') 110.9(3) 
C(34')-C(42')-C(44B) 111.2(15) 
C(44')-C(42')-C(43') 109.9(3) 
C(44')-C(42')-C(45') 109.2(3) 
C(43')-C(42')-C(45') 107.7(3) 
C(43B)-C(42')-C(45B) 112.1(12) 
C(43B)-C(42')-C(44B) 110.4(11) 
C(45B)-C(42')-C(44B) 109.0(11) 
C(51')-C(46')-C(47') 121.8(3) 
C(51')-C(46')-N(37') 120.1(3) 
C(47')-C(46')-N(37') 118.1(3) 
C(46')-C(47')-C(48') 118.0(3) 
C(46')-C(47')-C(52') 123.4(3) 
C(48')-C(47')-C(52') 118.6(3) 
C(49')-C(48')-C(47') 120.8(4) 
C(50')-C(49')-C(48') 120.8(4) 
C(49')-C(50')-C(51') 121.1(4) 
C(46')-C(51')-C(50') 117.5(3) 
C(46')-C(51')-C(55') 122.7(3) 
C(50')-C(51')-C(55') 119.8(3) 
C(54')-C(52')-C(47') 111.9(3) 
C(54')-C(52')-C(53') 109.7(4) 
C(47')-C(52')-C(53') 114.3(3) 
C(51')-C(55')-C(56') 111.5(3) 
C(51')-C(55')-C(57') 111.6(3) 
C(56')-C(55')-C(57') 110.0(3) 
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7.4.2  Crystal structure data for compound 22
 
 
Empirical formula C38 H60 Fe N2 O2 
Formula weight 632.73 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 Å 
Crystal system, space group Orthorhombic, Fdd2 
Unit cell dimensions a = 32.0638(2) Å  = 90° 
 b = 21.08613(14) Å  = 90° 
 c = 11.54921(8) Å  = 90° 
Volume, Z 7808.44(9) Å3, 8 
Density (calculated) 1.076 Mg/m3 
Absorption coefficient 3.320 mm-1 
F(000) 2752 
Crystal colour / morphology Orange prisms 
Crystal size 0.21 x 0.18 x 0.14 mm3 
 range for data collection 4.58 to 72.38° 
Index ranges -39<=h<=36, -26<=k<=24, -14<=l<=14 
Reflns collected / unique 15265 / 3683 [R(int) = 0.0268] 
Reflns observed [F>4 (F)] 3530 
Absorption correction Analytical 
Max. and min. transmission 0.720 and 0.619 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3683 / 31 / 208 
Goodness-of-fit on F2 1.061 
Final R indices [F>4 (F)] R1 = 0.0276, wR2 = 0.0726 
 R1+ = 0.0276, wR2+ = 0.0726 
 R1- = 0.1436, wR2- = 0.3992 
R indices (all data) R1 = 0.0291, wR2 = 0.0733 
Absolute structure parameter x+ = 0.000(3), x- = 1.008(3) 
Largest diff. peak, hole 0.250, -0.193 eÅ-3 
Mean and maximum shift/error 0.000 and 0.000 
 
Bond lengths [Å] and angles [°]: 
 
Fe-O(1)#1 1.9190(11) 
Fe-O(1) 1.9190(11) 
Fe-N(7)#1 2.0584(13) 
Fe-N(7) 2.0584(13) 
O(1)-C(1) 1.3139(18) 
C(1)-C(6) 1.416(2) 
C(1)-C(2) 1.435(2) 
C(2)-C(3) 1.383(2) 
C(2)-C(12) 1.540(2) 
C(3)-C(4) 1.413(2) 
C(4)-C(5) 1.366(2) 
C(4)-C(16) 1.5336(19) 
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C(5)-C(6) 1.4188(19) 
C(6)-C(7) 1.446(2) 
C(7)-N(7) 1.293(2) 
N(7)-C(8) 1.505(2) 
C(8)-C(10') 1.478(12) 
C(8)-C(11) 1.511(3) 
C(8)-C(9) 1.517(3) 
C(8)-C(9') 1.517(13) 
C(8)-C(10) 1.548(3) 
C(8)-C(11') 1.619(12) 
C(12)-C(14) 1.535(3) 
C(12)-C(13) 1.535(3) 
C(12)-C(15) 1.538(2) 
C(16)-C(19) 1.524(2) 
C(16)-C(18) 1.532(2) 
C(16)-C(17) 1.533(2) 
 
O(1)#1-Fe-O(1)  126.50(7) 
O(1)#1-Fe-N(7)#1 93.22(5) 
O(1)-Fe-N(7)#1 114.55(5) 
O(1)#1-Fe-N(7) 114.55(5) 
O(1)-Fe-N(7) 93.22(5) 
N(7)#1-Fe-N(7) 116.81(8) 
C(1)-O(1)-Fe 130.62(10) 
O(1)-C(1)-C(6) 121.47(13) 
O(1)-C(1)-C(2) 120.26(13) 
C(6)-C(1)-C(2) 118.26(12) 
C(3)-C(2)-C(1) 118.08(14) 
C(3)-C(2)-C(12) 121.23(13) 
C(1)-C(2)-C(12) 120.65(13) 
C(2)-C(3)-C(4) 124.53(14) 
C(5)-C(4)-C(3) 116.60(13) 
C(5)-C(4)-C(16) 123.29(13) 
C(3)-C(4)-C(16) 120.08(13) 
C(4)-C(5)-C(6) 122.26(13) 
C(1)-C(6)-C(5) 120.24(13) 
C(1)-C(6)-C(7) 125.15(13) 
C(5)-C(6)-C(7) 114.49(13) 
N(7)-C(7)-C(6) 128.95(14) 
C(7)-N(7)-C(8) 117.18(13) 
C(7)-N(7)-Fe 120.55(11) 
C(8)-N(7)-Fe 122.09(10) 
C(10')-C(8)-N(7) 111.3(10) 
N(7)-C(8)-C(11) 108.17(16) 
N(7)-C(8)-C(9) 112.1(2) 
C(11)-C(8)-C(9) 110.5(3) 
C(10')-C(8)-C(9') 115.3(11) 
N(7)-C(8)-C(9') 117.5(12) 
N(7)-C(8)-C(10) 106.72(16) 
C(11)-C(8)-C(10) 109.1(2) 
C(9)-C(8)-C(10) 110.1(3) 
C(10')-C(8)-C(11') 107.6(10) 
N(7)-C(8)-C(11') 99.7(9) 
C(9')-C(8)-C(11') 103.4(9) 
C(14)-C(12)-C(13) 110.02(14) 
C(14)-C(12)-C(15) 107.12(15) 
C(13)-C(12)-C(15) 107.60(17) 
C(14)-C(12)-C(2) 110.36(14) 
C(13)-C(12)-C(2) 109.44(13) 
C(15)-C(12)-C(2) 112.23(14) 
C(19)-C(16)-C(18) 108.26(14) 
C(19)-C(16)-C(17) 108.12(15) 
C(18)-C(16)-C(17) 109.38(15) 
C(19)-C(16)-C(4) 111.75(13) 
C(18)-C(16)-C(4) 110.07(13) 
C(17)-C(16)-C(4) 109.22(13)
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,-y+1,z 
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7.4.3  Crystal structure data for compound 26 
 
 
 
Empirical formula C54 H76 Co N2 O2 . C3 
Formula weight 880.13 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 Å 
Crystal system, space group Monoclinic, P2(1)/n 
Unit cell dimensions a = 12.9440(7) Å  = 90° 
 b = 16.0083(10) Å  = 96.186(6)° 
 c = 25.304(2) Å  = 90° 
Volume, Z 5212.7(6) Å3, 4 
Density (calculated) 1.121 Mg/m3 
Absorption coefficient 2.880 mm-1 
F(000) 1900 
Crystal colour / morphology Orange/red blocks 
Crystal size 0.08 x 0.07 x 0.04 mm3 
 range for data collection 3.51 to 64.60° 
Index ranges -15<=h<=15, -18<=k<=12, -23<=l<=28 
Reflns collected / unique 13068 / 8304 [R(int) = 0.0261] 
Reflns observed [F>4 (F)] 5850 
Absorption correction Analytical 
Max. and min. transmission 0.916 and 0.841 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8304 / 94 / 613 
Goodness-of-fit on F2 0.901 
Final R indices [F>4 (F)] R1 = 0.0394, wR2 = 0.0940 
R indices (all data) R1 = 0.0577, wR2 = 0.0975 
Largest diff. peak, hole 0.262, -0.252 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
 
Bond lengths [Å] and angles [°]: 
 
Co-O(1) 1.8949(15) 
Co-O(31) 1.9074(16) 
Co-N(7) 1.9854(19) 
Co-N(37) 1.9971(18) 
O(1)-C(1) 1.311(2) 
C(1)-C(6) 1.415(3) 
C(1)-C(2) 1.435(3) 
C(2)-C(3) 1.379(3) 
C(2)-C(20) 1.538(3) 
C(3)-C(4) 1.410(3) 
C(4)-C(5) 1.375(3) 
C(4)-C(24) 1.538(3) 
C(5)-C(6) 1.422(3) 
C(6)-C(7) 1.432(3) 
C(7)-N(7) 1.307(3) 
N(7)-C(8) 1.450(3) 
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C(8)-C(13) 1.397(3) 
C(8)-C(9) 1.412(3) 
C(9)-C(10) 1.387(4) 
C(9)-C(14') 1.442(7) 
C(9)-C(14) 1.645(7) 
C(10)-C(11) 1.367(4) 
C(11)-C(12) 1.378(4) 
C(12)-C(13) 1.393(3) 
C(13)-C(17) 1.520(4) 
C(14)-C(16) 1.514(8) 
C(14)-C(15) 1.528(8) 
C(14')-C(16') 1.507(8) 
C(14')-C(15') 1.527(8) 
C(17)-C(19) 1.529(4) 
C(17)-C(18) 1.531(4) 
C(20)-C(22) 1.530(3) 
C(20)-C(23) 1.533(3) 
C(20)-C(21) 1.543(3) 
C(24)-C(26) 1.529(3) 
C(24)-C(27) 1.533(4) 
C(24)-C(25) 1.540(3) 
O(31)-C(31) 1.309(3) 
C(31)-C(36) 1.418(3) 
C(31)-C(32) 1.444(3) 
C(32)-C(33) 1.376(3) 
C(32)-C(50) 1.534(3) 
C(33)-C(34) 1.409(4) 
C(34)-C(35) 1.372(3) 
C(34)-C(54) 1.538(3) 
C(35)-C(36) 1.412(3) 
C(36)-C(37) 1.442(3) 
C(37)-N(37) 1.295(3) 
N(37)-C(38) 1.453(3) 
C(38)-C(43) 1.397(3) 
C(38)-C(39) 1.399(3) 
C(39)-C(40) 1.401(3) 
C(39)-C(44) 1.516(4) 
C(40)-C(41) 1.370(4) 
C(41)-C(42) 1.382(4) 
C(42)-C(43) 1.394(3) 
C(43)-C(47) 1.514(3) 
C(44)-C(45) 1.515(4) 
C(44)-C(46) 1.528(4) 
C(47)-C(49) 1.507(4) 
C(47)-C(48) 1.516(4) 
C(50)-C(53) 1.527(4) 
C(50)-C(51) 1.537(4) 
C(50)-C(52) 1.545(4) 
C(54)-C(55') 1.439(12) 
C(54)-C(56) 1.478(5) 
C(54)-C(57') 1.532(10) 
C(54)-C(55) 1.534(4) 
C(54)-C(57) 1.565(5) 
C(54)-C(56') 1.586(12) 
 
O(1)-Co-O(31) 109.99(7) 
O(1)-Co-N(7) 95.06(7) 
O(31)-Co-N(7) 118.88(7) 
O(1)-Co-N(37) 112.62(7) 
O(31)-Co-N(37) 94.93(7) 
N(7)-Co-N(37) 125.75(7) 
C(1)-O(1)-Co 126.19(14) 
O(1)-C(1)-C(6) 121.77(18) 
O(1)-C(1)-C(2) 119.47(19) 
C(6)-C(1)-C(2) 118.76(18) 
C(3)-C(2)-C(1) 117.6(2) 
C(3)-C(2)-C(20) 122.68(19) 
C(1)-C(2)-C(20) 119.64(18) 
C(2)-C(3)-C(4) 125.1(2) 
C(5)-C(4)-C(3) 116.58(19) 
C(5)-C(4)-C(24) 123.2(2) 
C(3)-C(4)-C(24) 120.25(19) 
C(4)-C(5)-C(6) 121.8(2) 
C(1)-C(6)-C(5) 120.14(19) 
C(1)-C(6)-C(7) 124.27(19) 
C(5)-C(6)-C(7) 115.6(2) 
N(7)-C(7)-C(6) 128.9(2) 
C(7)-N(7)-C(8) 114.99(18) 
C(7)-N(7)-Co 118.79(15) 
C(8)-N(7)-Co 126.22(13) 
C(13)-C(8)-C(9) 121.7(2) 
C(13)-C(8)-N(7) 119.8(2) 
C(9)-C(8)-N(7) 118.5(2) 
C(10)-C(9)-C(8) 117.4(3) 
C(10)-C(9)-C(14') 117.1(4) 
C(8)-C(9)-C(14') 124.7(3) 
C(10)-C(9)-C(14) 121.8(3) 
C(8)-C(9)-C(14) 119.5(3) 
C(11)-C(10)-C(9) 121.8(3) 
C(10)-C(11)-C(12) 119.9(3) 
C(11)-C(12)-C(13) 121.5(3) 
C(12)-C(13)-C(8) 117.5(2) 
C(12)-C(13)-C(17) 118.9(2) 
C(8)-C(13)-C(17) 123.6(2) 
C(16)-C(14)-C(15) 109.0(5) 
C(16)-C(14)-C(9) 111.8(6) 
C(15)-C(14)-C(9) 114.3(4) 
C(9)-C(14')-C(16') 115.1(5) 
C(9)-C(14')-C(15') 105.5(5) 
C(16')-C(14')-C(15') 110.0(6) 
C(13)-C(17)-C(19) 111.8(2) 
C(13)-C(17)-C(18) 111.2(2) 
C(19)-C(17)-C(18) 109.7(2) 
C(22)-C(20)-C(23) 107.0(2) 
C(22)-C(20)-C(2) 111.72(19) 
C(23)-C(20)-C(2) 111.55(19) 
C(22)-C(20)-C(21) 107.59(19) 
C(23)-C(20)-C(21) 109.6(2) 
C(2)-C(20)-C(21) 109.31(19) 
C(26)-C(24)-C(27) 107.7(2) 
C(26)-C(24)-C(4) 110.32(19) 
C(27)-C(24)-C(4) 112.12(19) 
C(26)-C(24)-C(25) 108.3(2) 
C(27)-C(24)-C(25) 108.8(2) 
C(4)-C(24)-C(25) 109.44(19) 
C(31)-O(31)-Co 122.55(14) 
O(31)-C(31)-C(36) 122.2(2) 
O(31)-C(31)-C(32) 119.9(2) 
C(36)-C(31)-C(32) 117.9(2) 
C(33)-C(32)-C(31) 117.6(2) 
C(33)-C(32)-C(50) 122.2(2) 
C(31)-C(32)-C(50) 120.2(2) 
C(32)-C(33)-C(34) 125.3(2) 
C(35)-C(34)-C(33) 116.6(2) 
C(35)-C(34)-C(54) 123.1(2) 
C(33)-C(34)-C(54) 120.3(2) 
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C(34)-C(35)-C(36) 121.7(2) 
C(35)-C(36)-C(31) 120.9(2) 
C(35)-C(36)-C(37) 115.2(2) 
C(31)-C(36)-C(37) 123.9(2) 
N(37)-C(37)-C(36) 128.7(2) 
C(37)-N(37)-C(38) 116.04(18) 
C(37)-N(37)-Co 117.11(15) 
C(38)-N(37)-Co 126.59(14) 
C(43)-C(38)-C(39) 122.8(2) 
C(43)-C(38)-N(37) 119.13(19) 
C(39)-C(38)-N(37) 118.1(2) 
C(38)-C(39)-C(40) 117.2(2) 
C(38)-C(39)-C(44) 121.6(2) 
C(40)-C(39)-C(44) 121.2(2) 
C(41)-C(40)-C(39) 121.0(2) 
C(40)-C(41)-C(42) 120.4(2) 
C(41)-C(42)-C(43) 121.2(3) 
C(42)-C(43)-C(38) 117.1(2) 
C(42)-C(43)-C(47) 120.6(2) 
C(38)-C(43)-C(47) 122.2(2) 
C(45)-C(44)-C(39) 112.5(2) 
C(45)-C(44)-C(46) 110.3(2) 
C(39)-C(44)-C(46) 113.0(2) 
C(49)-C(47)-C(43) 111.4(2) 
C(49)-C(47)-C(48) 109.9(3) 
C(43)-C(47)-C(48) 113.1(2) 
C(53)-C(50)-C(32) 110.9(2) 
C(53)-C(50)-C(51) 110.4(2) 
C(32)-C(50)-C(51) 109.7(2) 
C(53)-C(50)-C(52) 107.2(2) 
C(32)-C(50)-C(52) 111.6(2) 
C(51)-C(50)-C(52) 107.1(2) 
C(55')-C(54)-C(57') 115.6(10) 
C(56)-C(54)-C(55) 111.0(3) 
C(55')-C(54)-C(34) 113.5(11) 
C(56)-C(54)-C(34) 110.7(3) 
C(57')-C(54)-C(34) 105.2(6) 
C(55)-C(54)-C(34) 108.8(2) 
C(56)-C(54)-C(57) 110.8(3) 
C(55)-C(54)-C(57) 103.6(3) 
C(34)-C(54)-C(57) 111.7(2) 
C(55')-C(54)-C(56') 110.6(9) 
C(57')-C(54)-C(56') 105.4(8) 
C(34)-C(54)-C(56') 105.8(9) 
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7.4.4  Crystal structure data for compound 27 
 
 
 
Empirical formula C38 H42 Br2 Co N2 O2 . C H2 Cl2 
Formula weight 862.41 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 10.7313(3) Å  = 81.0771(19)° 
 b = 11.4747(3) Å  = 81.1256(19)° 
 c = 16.9443(4) Å  = 69.601(2)° 
Volume, Z 1920.63(9) Å3, 2 
Density (calculated) 1.491 Mg/m3 
Absorption coefficient 7.494 mm-1 
F(000) 878 
Crystal colour / morphology Red blocks 
Crystal size 0.31 x 0.27 x 0.24 mm3 
 range for data collection 2.66 to 72.52° 
Index ranges -13<=h<=13, -14<=k<=13, -20<=l<=20 
Reflns collected / unique 31255 / 7589 [R(int) = 0.0269] 
Reflns observed [F>4 (F)] 7003 
Absorption correction Analytical 
Max. and min. transmission 0.359 and 0.195 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7589 / 95 / 499 
Goodness-of-fit on F2 1.079 
Final R indices [F>4 (F)] R1 = 0.0296, wR2 = 0.0821 
R indices (all data) R1 = 0.0319, wR2 = 0.0831 
Extinction coefficient 0.00140(14) 
Largest diff. peak, hole 0.305, -0.464 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
 
Bond lengths [Å] and angles [°]: 
 
Co-O(21) 1.8205(12) 
Co-O(1) 1.8279(12) 
Co-N(27) 1.9184(14) 
Co-N(7) 1.9221(14) 
Br(1)-C(4) 1.9051(19) 
Br(2)-C(24) 1.9032(18) 
O(1)-C(1) 1.307(2) 
C(1)-C(2) 1.413(2) 
C(1)-C(6) 1.414(2) 
C(2)-C(3) 1.370(3) 
C(3)-C(4) 1.405(3) 
C(4)-C(5) 1.368(3) 
C(5)-C(6) 1.408(3) 
C(6)-C(7) 1.437(2) 
C(7)-N(7) 1.295(2) 
N(7)-C(8) 1.454(2) 
C(8)-C(13) 1.399(3) 
C(8)-C(9) 1.403(3) 
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C(9)-C(10) 1.391(3) 
C(9)-C(14) 1.517(3) 
C(10)-C(11) 1.382(3) 
C(11)-C(12) 1.381(3) 
C(12)-C(13) 1.393(3) 
C(13)-C(17) 1.523(3) 
C(14)-C(16) 1.519(3) 
C(14)-C(15) 1.521(3) 
C(17)-C(19) 1.517(4) 
C(17)-C(18) 1.538(4) 
O(21)-C(21) 1.310(2) 
C(21)-C(22) 1.410(2) 
C(21)-C(26) 1.411(2) 
C(22)-C(23) 1.374(3) 
C(23)-C(24) 1.401(3) 
C(24)-C(25) 1.366(3) 
C(25)-C(26) 1.416(2) 
C(26)-C(27) 1.430(2) 
C(27)-N(27) 1.295(2) 
N(27)-C(28) 1.451(2) 
C(28)-C(33) 1.401(2) 
C(28)-C(29) 1.404(2) 
C(29)-C(30) 1.394(2) 
C(29)-C(34) 1.515(2) 
C(30)-C(31) 1.378(3) 
C(31)-C(32) 1.384(3) 
C(32)-C(33) 1.391(3) 
C(33)-C(37) 1.520(3) 
C(34)-C(36) 1.526(3) 
C(34)-C(35) 1.529(3) 
C(37)-C(38) 1.523(3) 
C(37)-C(39) 1.524(3) 
 
O(21)-Co-O(1) 173.00(6) 
O(21)-Co-N(27) 92.96(6) 
O(1)-Co-N(27) 87.26(6) 
O(21)-Co-N(7) 87.89(6) 
O(1)-Co-N(7) 92.94(6) 
N(27)-Co-N(7) 171.40(6) 
C(1)-O(1)-Co 130.70(11) 
O(1)-C(1)-C(2) 118.23(16) 
O(1)-C(1)-C(6) 123.41(16) 
C(2)-C(1)-C(6) 118.35(16) 
C(3)-C(2)-C(1) 121.27(18) 
C(2)-C(3)-C(4) 119.40(18) 
C(5)-C(4)-C(3) 121.22(17) 
C(5)-C(4)-Br(1) 120.21(15) 
C(3)-C(4)-Br(1) 118.57(14) 
C(4)-C(5)-C(6) 119.80(17) 
C(5)-C(6)-C(1) 119.94(16) 
C(5)-C(6)-C(7) 118.72(16) 
C(1)-C(6)-C(7) 121.31(16) 
N(7)-C(7)-C(6) 125.60(16) 
C(7)-N(7)-C(8) 114.99(14) 
C(7)-N(7)-Co 125.96(12) 
C(8)-N(7)-Co 118.84(11) 
C(13)-C(8)-C(9) 122.27(16) 
C(13)-C(8)-N(7) 119.68(16) 
C(9)-C(8)-N(7) 118.01(16) 
C(10)-C(9)-C(8) 117.59(18) 
C(10)-C(9)-C(14) 120.57(18) 
C(8)-C(9)-C(14) 121.84(16) 
C(11)-C(10)-C(9) 121.26(19) 
C(12)-C(11)-C(10) 120.01(19) 
C(11)-C(12)-C(13) 121.2(2) 
C(12)-C(13)-C(8) 117.59(19) 
C(12)-C(13)-C(17) 120.55(18) 
C(8)-C(13)-C(17) 121.85(17) 
C(9)-C(14)-C(16) 111.25(19) 
C(9)-C(14)-C(15) 111.98(19) 
C(16)-C(14)-C(15) 110.8(2) 
C(19)-C(17)-C(13) 112.2(2) 
C(19)-C(17)-C(18) 110.6(2) 
C(13)-C(17)-C(18) 110.6(2) 
C(21)-O(21)-Co 130.43(11) 
O(21)-C(21)-C(22) 118.07(15) 
O(21)-C(21)-C(26) 123.57(15) 
C(22)-C(21)-C(26) 118.36(16) 
C(23)-C(22)-C(21) 121.41(17) 
C(22)-C(23)-C(24) 119.43(17) 
C(25)-C(24)-C(23) 121.14(17) 
C(25)-C(24)-Br(2) 119.79(14) 
C(23)-C(24)-Br(2) 119.07(14) 
C(24)-C(25)-C(26) 119.93(17) 
C(21)-C(26)-C(25) 119.71(15) 
C(21)-C(26)-C(27) 121.33(15) 
C(25)-C(26)-C(27) 118.93(16) 
N(27)-C(27)-C(26) 125.39(16) 
C(27)-N(27)-C(28) 115.24(14) 
C(27)-N(27)-Co 126.15(12) 
C(28)-N(27)-Co 118.42(11) 
C(33)-C(28)-C(29) 122.28(16) 
C(33)-C(28)-N(27) 118.21(15) 
C(29)-C(28)-N(27) 119.43(15) 
C(30)-C(29)-C(28) 117.33(16) 
C(30)-C(29)-C(34) 120.32(16) 
C(28)-C(29)-C(34) 122.30(15) 
C(31)-C(30)-C(29) 121.43(18) 
C(30)-C(31)-C(32) 120.02(17) 
C(31)-C(32)-C(33) 121.21(18) 
C(32)-C(33)-C(28) 117.64(17) 
C(32)-C(33)-C(37) 120.38(17) 
C(28)-C(33)-C(37) 121.97(16) 
C(29)-C(34)-C(36) 111.80(16) 
C(29)-C(34)-C(35) 110.88(16) 
C(36)-C(34)-C(35) 110.37(18) 
C(33)-C(37)-C(38) 111.31(17) 
C(33)-C(37)-C(39) 111.80(18) 
C(38)-C(37)-C(39) 110.33(18) 
 
 
